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ABSTRACT
The study is aimed to numerically investigate the production of hydrogen through
ZnO/Zn thermochemical water splitting cycle. It is a two step process, which reduces
zinc oxide in the first step to produce hydrogen in the second step. Commercial CFD
software FLUENT 6.B is utilized to numerically model both steps. The parametric study
of first step showed considerable effect of zinc oxide particle diameter, and flow rates of
argon and zinc oxide on the fractional conversion of zinc oxide. Six different receiver
configurations were assessed to find the most feasible configuration. The optimum
receiver design allowed zinc oxide conversion of almost 100%. The parametric study of
hydrolysis step showed that the hydrogen yield is significantly affected by the diameter
of zinc particle, reactor surface temperature, and argon/steam molar ratio. Six different
mixing configurations of the reactor were also analyzed. The optimum reactor design
produced hydrogen yield of around 88%.

Keywords: hydrogen, thermochemical water splitting, zinc oxide reduction, hydrolysis,
parametric study, reactor optimization, numerical simulations.
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CHAPTER 1: INTRODUCTION
The global energy demand is continuously growing and as figure 1.1 shows, it is
predicted that by 2035, the global energy consumption will increase by almost 50% from
its 2007 level. Furthermore, it has been estimated that more than 75% of the increase in
global energy demand between 2007 and 2035 will be fulfilled by fossil fuels [World
Energy Outlook 2009]. Oil alone is responsible to account for more than 30% of the
energy demand, while, coal and natural gas collectively fulfill more than 40% of the
energy needs [Marban and Valdes-Solis, 2007].
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Figure 1.1 World marketed energy consumption in quadrillion Btu [adapted from
International energy outlook, 2010]

This heavy dependence on fossil fuels to meet the energy needs has two major
consequences. First is the depletion of fossil fuel reserves. An increase in the
consumption rate would lead to their faster depletion. For example, considering the
energy demand growth and estimated reverses of fossil fuels, it has been predicted that
the oil reserves will be exhausted by 2050, while most of the natural gas reserves will be
consumed in the next 70-100 years [Marban and Valdes-Solis, 2007]. Coal has larger
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reserves compared to natural gas and oil, but with increased consumption, they will not
last more than three centuries [Marban and Valdes-Solis, 2007]. It has been predicted
that coal will be the energy source for almost 44% of the global power generation by
2030 [World Energy Outlook 2009].
The second consequence of the heavy utilization of fossil fuels is their harmful effects on
the environment. When these fuels are burned, they produce large amount of C02, NOx,
SOx, etc, which are detrimental to our living environment. Carbon dioxide emissions
alone have substantial contribution in the total environmental pollution. Compared to
the pre-industrial era carbon dioxide concentration in the atmosphere has increased by
30% [Marban and Valdes-Solis, 2007] and it has been predicted that the increased
energy demand will lead to more than 40% increase in the emissions from 2007 to 2035
(see Figure 1.2). It has been estimated that the projected increase in the fossil fuel
consumption will lead to over 1000 PPM of C02 equivalent concentration of greenhouse
gases in the atmosphere by 2035, which will cause the global temperature to rise by
6 °C, resulting in catastrophic conditions on the planet [World Energy Outlook 2009].
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Figure 1.2 Global carbon dioxide emissions in billion metric tons [adapted from
International energy outlook, 2010]
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1.1 Solar energy potential
The issues related to the fossil fuel consumption discussed above highlight the need and
urgency for clean, renewable energy resources and associated technologies to meet the
future global energy demand without further damaging the environment.
There are several renewable energy resources such as solar, wind, hydro, geothermal,
biomass, tidal power, etc. Figure 1.3 summarizes the current and projected energy
supply from various resources. The maximum theoretical wind energy resource is
estimated to be 72 TW which is close to five times the current global energy
consumption rate of 15 TW [Abbott, 2010]. However, the actual amount of energy that
can be practically extracted from wind is much lower. Furthermore, several other issues
are related to wind turbines which include wind farms siting, noise, and intermittency.
Hydroelectric power is estimated to provide 7 TW energy if all potential hydroelectric
resources are properly tapped [Abbott, 2010]. Geothermal energy could provide up to
32 TW, but it can trigger occasional seismic activity [Abbott, 2010]. It also poses risks of
toxicity, as the fluid extracted from geothermal bore may contain mercury and arsenic.
The upper limit for the biomass energy supply is 7 TW based on the utilization of earth's
entire plant life [Abbott, 2010], which may lead to some severe environmental
consequences.
Solar energy is the largest renewable energy resource available to mankind. It has been
estimated that 166,000 TW (ITerawatt is equal to 1 x 1012 Watts) solar energy incidents
on the upper atmosphere of earth and out of which, about 85,000 TW (~50%) of energy
reaches the land and sea [Abbott, 2010]. This amount of energy is 5000 times more than
the current global energy consumption rate of 15 TW. To further estimate the solar
potential, the amount of solar energy incident on the deserts of the world alone is 500
times more than the current energy consumption rate [Abbott, 2010]. Therefore, it is
evident that solar energy alone has the potential to meet the current and future global
energy needs.
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In conclusion, it can be said that although the renewable energy resources of wind,
hydro, geothermal, and biomass can completely or partially fulfill the current global
energy demand, but they all appear diminutive in comparison with solar energy.
Therefore, solar energy is expected to have major contribution in fulfilling the future
energy demand, while, wind, geothermal, and biomass resources are expected to serve
as secondary resources [Abbott, 2010]. Hence, efforts should be made to develop
technologies that can harness solar energy effectively and economically.
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Figure 1.3 Global energy supply from various resources [adapted from Zerta et al., 2008]

1.2 Solar concentrators

Solar concentrators harness solar energy by concentrating the incident solar radiation
on to a small surface or enclosure, resulting in very high heat fluxes that can be used in a
variety of different applications. It has been proposed that such devices could achieve
temperatures up to 3000 °C [Tiwari, 2002]. The main types of solar concentrators are
discussed below.

5
1.2.1 Parabolic Trough concentrator
It is made of a reflective surface having a parabolic trough profile. The reflective surface
concentrates solar radiation along its focal line where a tube is placed to absorb the
energy (see Figure 1.4c). A working fluid flows through the absorber tube, and carries
away the heat energy to the point of application [Thomas, 1996]. These devices can
achieve temperature of around 550 °C with the solar flux concentration ratio up to 100
[Muller-Steinhagen and Trieb, 2004].
1.2.2 Central tower system
It consists of an array of heliostats that reflect solar radiation to a stationary central
receiver (see Figure 1.4a). A heliostat is made up of large array of mirrors. The energy
absorbed by the receiver is then utilized to generate steam to drive a turbine for
electricity generation [Tiwari, 2002]. These systems can reach temperatures in excess of
1000 °C with solar flux concentration ratio of about 1000 [Muller-Steinhagen and Trieb,
2004].
1.2.3 Parabolic dish concentrator
It is made of a reflective surface having a parabolic dish profile. The reflective surface
concentrates solar radiation to the focal point of the reflective paraboloidal surface. A
receiver is placed at the focal point to absorb the concentrated solar energy (see Figure
1.4b). With this arrangement, these devices can reach solar flux concentration ratio of
10000, and can produce temperatures over 2000 K inside the receiver [Steinfeld, 2005].
The availability of very high temperatures inside the receiver of parabolic dish
concentrators allows to utilize it in a variety of different applications such as,
thermochemical reactions, power generation, detoxification of waste materials, etc.

6

Figure 1.4 Solar concentrator types: a) central tower b) parabolic dish
c) parabolic trough [adapted from Muller-Steinhagen and Trieb, 2004]

1.3 Hydrogen as energy carrier

Hydrogen has a great potential to replace fossil fuels as it is clean and can be produced
from various energy resources. Hydrogen itself is not an energy source but an energy
carrier, therefore, various energy resources such as coal, natural gas, solar, wind,
nuclear, etc., can be utilized to produce hydrogen. However to utilize the full potential
of hydrogen as a clean fuel, only those hydrogen production processes should be
adapted that produce no or minimum environmentally harmful emissions.
Hydrogen gas is beneficial in many ways. When hydrogen gas is combusted it produces
large amount of energy. On mass comparison basis, it produces 2.4, 2.8, and 4 times
more energy than methane, gasoline and coal, respectively [Marban and Valdes-Solis,
2007]. When hydrogen is employed as a fuel, its main advantage lies in zero harmful
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emissions. For transportation sector this point is very beneficial as the transportation
sector accounts for about 18% of the global energy consumption [Marban and ValdesSolis, 2007]. Another major benefit of hydrogen is that it can be produced locally, thus
unlike oil, eliminating its geographical dependence. It is also the most abundant element
present on the planet which corroborates the fact that it is literally inexhaustible
[Blanchette, 2008].
1.3.1 Concerns related to hydrogen
It is evident that hydrogen has a great potential to resolve the global fuel crisis, but
there are several issues that must be addressed before we can utilize the hydrogen
potential as the energy carrier.
First issue is the cost of hydrogen production. It is known that the successful commercial
use of any process lies in its economic feasibility. It would be difficult to commercially
use a process having good efficiency but poor economic evaluation. In the case of
hydrogen, it is important that it is economically competitive with other energy sources
like coal, oil and, natural gas.
Second issue is the environmental impact of hydrogen. The environmental impact of
using hydrogen as energy carrier is very much dependent on the method employed for
its production [Marban and Valdes-Solis, 2007]. For example, it will not be
environmentally feasible to produce hydrogen from a process that produces large
quantity of environmentally harmful gases. Therefore, it is important that hydrogen is
produced from clean processes.
The distribution and storage of hydrogen is another major issue. It has been estimated
that the cost of hydrogen distribution is almost five times more than its production cost
[Blanchette, 2008]. Therefore, it is important that hydrogen should be produced near
the point of its utilization [Blanchette, 2008].

8
Based on the above discussion, it can be concluded that to make hydrogen a clean fuel
for the future, efficient and environmentally friendly methods need to be developed or
improved.

1.4 Hydrogen production processes
Hydrogen can be produced by various processes that utilize both fossil fuels and other
alternative resources. The processes can be divided into two broad categories. The first
category involves hydrogen production by fuel processing, while the second uses
alternative resources to produce it. The second category can be further sub-divided into
two types, the first one uses biomass, while the other utilizes water to produce
hydrogen [Holladay et al., 2009]. In this section, a commercially used process along with
some other novel processes is discussed.
1.4.1 Natural gas steam reforming
Currently, 75% of the global hydrogen production uses natural gas as the main raw
material. Natural gas steam reforming is the most widely used process to produce
hydrogen [Dufour et al., 2009]. It is a commercially matured 70-85% efficient process
[Holladay et al., 2009]. Although, natural gas steam reforming is a widely used process,
it also produces large amount of carbon dioxide which is not environmentally friendly. In
the steam reforming process, hydrocarbons are catalytically split in the presence of
steam at temperatures ranging from 800-900°C. Natural gas is used as feed but some
heavier hydrocarbons can also be used for the same purpose. Syngas mixture containing
hydrogen and carbon monoxide is produced during this steam reforming stage. This step
is followed by a shift reaction, where carbon monoxide present in the syngas reacts with
water to produce carbon dioxide and hydrogen. Purification process is then carried out
to separate hydrogen from other gaseous products [Holladay et al., 2009; Koroneos et
al., 2004].

9
1.4.2 Hydrogen production by water splitting
The production of hydrogen by water splitting has been a focus of interest for long time.
The process is beneficial as it produces no harmful emissions, and the abundance of
water makes it further attractive. There are different methods to split water; however,
this discussion is limited to the water splitting by utilizing thermal energy.
1.4.2.1 Water splitting by thermolysis
During the process of thermolysis, high temperature causes the steam to disassociate
into its constituents, and thus produces hydrogen as a product. However, this simple
process has many problems that render it infeasible [Perkins and Weimer, 2004].
It has been evaluated that the reasonable extent of water disassociation occurs at
temperatures over 2500K [Steinfeld, 2002; Perkins and Weimer, 2004]. These high
temperatures can be achieved through solar concentrators [Steinfeld, 2005], but due to
the radiation losses, the efficiency of these devices decreases. Apart from the radiation
loss, high temperatures pose problems related to the solar receiver material. As the
most refractory materials tend to become unstable at such high temperatures, it is
required to use more advance and expensive materials to construct the reactor that
could ultimately increase the capital cost [Perkins and Weimer, 2004].
Another problem associated with the thermolysis of water is the separation of oxygen
and hydrogen at temperatures over 2500 K. The separation is necessary at high
temperatures as the gases have tendency to recombine at low temperatures [Perkins
and Weimer, 2004]. Different technologies have been employed to separate both gases,
but no substantial success has been achieved yet [Steinfeld, 2005; Perkins and Weimer,
2004].
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1.4.2.2 Thermochemical water splitting
Thermochemical cycles offer solution to the problems faced by the thermolysis of water.
First, these cycles operate at relatively low temperatures, thus eliminating the material
and efficiency limitations. Second, these cycles do not involve the separation of oxygen
and hydrogen, as both gases are obtained at different steps of the cycle [Steinfeld,
2002].
Initially, the consideration is given to the thermochemical cycles that require
temperature of around 1200K (available from nuclear or other thermal sources) to split
water in more than two steps. But, these cycles are inefficient as they have issues of
poor heat transfer and product separation at every step [Steinfeld, 2005].
With the development of solar concentrators it is now possible to attain much higher
temperatures [Steinfeld, 2005], which enable the utilization of more efficient two-step
thermochemical cycles. The reactions that occur during a thermochemical cycle are
given in equations 1.1 and 1.2. The first step involves the reduction of metal oxide.
During the second step, the reduced metal oxide reacts with water to produce hydrogen
and the metal oxide. The metal oxide produced in the second step recycles in the first
step, thus, the net reaction is the decomposition of water.
First step:

M XO y

Second step:

M XO y _ ! + H 20

-------- ►

M XO y - l +

-—

►

0 .5 0 2

H2 +

M XO y

(1.1)
(1.2)

Different two-step cycles have been proposed in the literature including ZnO/Zn,
Mn30 4/Mn0, and Fe30 4/Fe0. In the Mn30 4/Mn0 cycle, the reduction of metal oxide
occurs at low temperatures compared to the other two-step cycles. But, the second step
of this cycle yields lower quantity of hydrogen, thus making the cycle impractical
[Steinfeld et al., 1998]. The Fe30 4/Fe0 cycle involves the reduction of Fe30 4 at
temperatures of more than 2300 K. Furthermore, the quenching of the reduced
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products is necessary to avoid the reoxidation process which adds more complexity to
the process [Steinfeld et al., 1998].
1.4.2.3 ZnO/Zn thermochemical cycle
ZnO/Zn cycle is the most feasible thermochemical cycle for water splitting. The
reduction of zinc oxide is an endothermic reaction (450 KJ/mol), and requires
temperature of around 2000 K [Perkins and Weimer, 2007]. Furthermore, the yield of
zinc is strongly dependent on the extent of the recombination process [Steinfeld et al.,
1998]. Hydrogen is produced during the second step, where steam reacts with zinc in an
exothermic reaction (-130KJ/mol). Thermodynamically, the hydrolysis reaction (second
step) is favorable at temperatures below 1400 K [Wegner et al., 2006]. Figure 1.5
depicts the schematic of the hydrogen production through ZnO/Zn thermochemical
water splitting cycle utilizing solar energy.

Figure 1.5 Schematic of ZnO/Zn thermochemical water splitting cycle for hydrogen
production (adapted from Weidenkaff et al., 2000)
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Steinfeld [2002] carried out the exergy analysis of ZnO/Zn cycle. The analysis considered
a solar cavity receiver at a temperature of 2B00 K, exposed to solar flux concentration
ratio of 5000. The model also incorporated reradiation losses, quenching process to
avoid recombination of oxygen and hydrogen gas, hydrolysis step, and hydrogen/oxygen
fuel cell to complete the cycle. The results of the analysis showed that the exergy
efficiency of this whole cycle was 29%. It should be noted that the high exergy efficiency
reduces the solar collector surface area required to produce a particular amount of
hydrogen, and that ultimately reduces the capital cost of the system [Steinfeld, 2005].
The above discussion shows that the thermochemical decomposition of water utilizing
solar energy as the heat source is a clean process of hydrogen production. Furthermore,
utilization of ZnO/Zn is more efficient than other metal oxides. Therefore, the research
in the present dissertation is focused on the ZnO/Zn thermochemical water splitting
cycle for hydrogen production. The related literature review i.e. ZnO reduction (step 1)
and hydrolysis of Zn (step 2) is presented below.

1.5 Literature review of the zinc oxide reduction step
Among the two steps of zinc oxide thermochemical cycle for hydrogen production, zinc
oxide reduction step has been invested in more detail in the literature. However, most
of these studies were focused on experimental investigations and very few studies
conducted the numerical modeling and investigation.
A numerical work related to the designing of solar chemical reactor was conducted by
Palumbo et al. [2004]. Different reactor concepts were proposed to efficiently convert
the incoming solar energy into the chemical energy. The initial reactor design consisted
of a rotating cavity receiver with an aperture to allow solar radiation to enter the
receiver. The rotation created a layer of zinc oxide particles on the receiver wall that
acted both as a reactant, and as an insulation to reduce the conduction heat losses. In
the second concept, zinc oxide was fed in the form of pellets in the same reactor
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configuration, but due to the lack of zinc oxide surface area availability, the efficiency of
the reactor decreased. Thermal decomposition of CaC03 in a well-stirred solar reactor
was carried out by considering the particles to have shrinkage in diameter as the
reaction proceeded. A further variation was made by decomposing CaC03 in a rotating
cavity receiver that held the particles against the receiver wall. After comparison, it was
found that the well-stirred reactor had higher efficiency as compared to the rotating
cavity receiver.
Two dimensional numerical modeling of the zinc oxide reduction reaction was
performed by Abanades et al. [2007] in a solar reactor. The reactor consisted of a
cylindrical receiver having a cavity exposed to high solar heat flux that was utilized to
decompose the zinc oxide particles flowing along the argon gas. The incident solar flux
on the inner receiver wall was applied as a thermal boundary condition. The first set of
simulations focused solely on the flow to assess the reactor temperature distribution by
varying gas flow rate, receiver cavity diameter, and the contact resistance. It was
observed that the inner receiver wall temperature increased when the contact
resistance was high. However, the inner wall temperature decreased with increasing
cavity diameter. The temperature distribution inside the receiver decreased when the
gas flow rate was increased. Unsteady behavior of the reactor was also studied to
observe the effects of transient conditions. When the chemical reaction modeling was
incorporated in the numerical model, they observed that the zinc oxide conversion was
dependent on the reactor wall temperature. They also observed that the conversion of
zinc oxide decreased by increasing the cavity diameter, increasing the particle diameter
and decreasing the particle mass flow rate.
Zinc oxide reduction step in a tubular aerosol reactor was numerically investigated by
Perkins and Weimer [2007]. A 2-D domain having a high wall temperature was utilized
for the simulations with argon as a carrier gas. Almost identical temperatures of zinc
oxide particles and carrier gas were obtained in the reactor, along with the radially
uniform temperature distribution. No significant effect on the temperature distribution
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was observed, when the gas flow rate was varied. However, the domain temperatures
decreased with an increase in the zinc oxide particles feed rate and the reactor tube
diameter. Zinc oxide conversion showed strong dependence on the wall temperature,
and gas velocity. That is, the zinc oxide conversion increased by increasing the wall
temperature while decreased with an increase in the gas velocity. Their results showed
that more than 80% zinc oxide conversion can be achieved at wall temperature greater
than 2100 K, and gas velocity of about 0.03 m/s. The conversion decreased marginally
by increasing zinc oxide mass flow rate and the tube diameter. Furthermore, an inverse
relation was found between the particles diameter and the zinc oxide conversion. Very
high oxidation rates of tube materials, that are prone to oxidation, were obtained which
corroborated the need of oxidation resistant tubular walls.
Haussener et al. [2009] performed the numerical modeling of a solar reactor receiving
concentrated solar energy. The reactor consisted of multiple opaque tubes, which acted
as absorber, enclosed in a cavity to minimize reradiation losses. Majority of the
simulations were carried out in a 2-D domain. To optimize the rector design, different
geometric, flow and solar energy parameters were assessed by evaluating solar-tochemical energy conversion efficiency, absorber temperature, and the extent of
reaction. Among different parameters, solar flux concentration ratio, number of tubes,
zinc oxide feed rate, and tube dimension were observed to affect the reactor
performance considerably. The reactor performance increased at higher solar flux
concentration ratios.
Schunk et al. [2009] conducted simulations of a rotating cavity receiver lined with zinc
oxide layer in a 3-D domain under unsteady conditions. The effects of semi-batch
feeding of zinc oxide particles, and the shrinkage of zinc oxide particles' layer on the
cavity wall with the progress of reaction were also taken into account. High conduction
losses were observed along with a decrease in cavity surface temperature when the
particles fed into the cavity. A scaled-up analysis of a 10 KW reactor was performed at
the values of 100 KW and 1 MW by modifying the reactor dimensions. High solar-to-
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chemical conversion efficiencies were obtained for the scaled-up reactors as compared
to the initial 10 KW reactor. The reradiation losses were high as compared to the
conduction losses in the scaled-up reactors.
Haueter et al. [1999] designed and tested a solar reactor carrying out zinc oxide
reduction reaction. The designing of the reactor was carried out under two constraints.
First constraint was to make sure that the reactor had low thermal inertia to account for
the transitional nature of solar energy. Second constraint was to achieve reactant
temperature of more than 1850 K for satisfactory reduction rate of zinc oxide. The
reactor design, satisfying these constraints, consisted of a rotating receiver exposed to
concentrated solar radiation by means of an aperture. Zinc oxide particles were
introduced into the receiver through a screw feeder. The rotation of receiver forced zinc
oxide particles against the receiver wall, which resulted in the formation of zinc oxide
layer on the inner surface of receiver. This allowed zinc oxide to act as reactant,
radiation absorber, and thermal insulator. A flow of inert gas was used to carry the
gaseous products out of the reactor, and to keep the aperture window clear. The
preliminary test results showed that the reactor had low thermal inertia as the surface
temperature of zinc oxide increased at a rate of more than 1000 K/s. Furthermore, zinc
oxide reduced at a rate of 6 gm/min inside the reactor.
Moller and Palumbo [2001] investigated the kinetics of zinc oxide reduction reaction at
temperatures ranging from 1950 to 2400 K. They utilized a solar furnace which consisted
of a quartz window that allowed concentrated solar energy to fall on the cylindrical
pellet of zinc oxide. An inert gas flowed across the furnace to keep the window clean
and carry the reaction products. The zinc oxide reduction rate was assumed to follow
the Arrhenius law. The pre-exponential factor and activation energy of the reduction
reaction estimated from the experimental results were 1.4 x 109 g/m2.s and 328.5
KJ/mol, respectively. Furthermore, a heat transfer model, relating chemical kinetics,
radiation, and conduction was also developed to understand the physics of the
reduction reaction. The model assumed that reduction reaction occurs on the surface of
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zinc oxide and obeys Arrhenius law. The numerical model results were found to be in
good agreement with the experimental results, which corroborated the fact that zinc
oxide reduction reaction primarily occurs at the surface, and its rate can be modeled by
Arrhenius law.
Perkin et al. [2008] conducted experimental investigation of zinc oxide reduction
reaction. They used an aerosol reactor to disassociate zinc oxide particles in order to
achieve rapid decomposition kinetics. An entrained argon gas flow carrying finely
sheared particles of zinc oxide was introduced through a lance into the muffle
surrounded by a graphite resistance furnace. Argon gas also flowed around the lance to
control the particles residence time. The reacted mixture then entered a quench tube
where it was cooled down, and collected for the analysis.

Zinc oxide fractional

conversion as a function of residence time and furnace temperature (varied between
1873 K and 2023 K) was analyzed. The fractional conversion of zinc oxide during the
reduction reaction, excluding the recombination, was found to be directly related to the
furnace temperature. However, the highest net zinc oxide conversion (17.6%) was
observed at a moderate temperature that highlighted the effects of recombination at
higher temperature. Generally, the net conversion increased as the temperature
decreased. Very high reaction kinetic rate was evaluated for the aerosol reactor, with
pre-exponential factor ranging from 2.23 x 109 to 1.67 x 1010 s'1.
An experimental investigation related to the quenching of zinc oxide disassociation
products was carried out by Muller and Steinfeld [2008]. They utilized a reactor having
rotating cavity receiver exposed to concentrated solar energy. Due to the rotation, the
inner surface of the receiver was lined with zinc oxide particles. A flow of argon was
utilized to carry the reaction products to the quenching zone. At the inlet of quench
zone, 67% degree of reoxidation of products was observed, which decreased to 17% in
the middle of quench zone. The degree of reoxidation increased again to 40% near the
end of quenching unit. Overall, 55% degree of reoxidation was observed in the quench
zone.
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1.6 Literature review of the hydrolysis step
As mentioned earlier, very few studies have been aimed at the hydrolysis step of the
zinc oxide thermochemical cycle. Furthermore, almost all of these studies are
experimental in nature and there is a scarcity of numerical studies on the hydrolysis
step.
Wegner et al. [2006] conducted experiments related to the hydrolysis of zinc
nanoparticles. The experiments involved formation of zinc nanoparticles through steam
quenching, which simultaneously reacted with steam to produce hydrogen and zinc
oxide. The setup consisted of a zinc evaporation zone followed by a mixing zone, where
evaporated zinc and steam mixed thoroughly. The mixture then entered a lance where
zinc nanoparticles formation occurred simultaneously with hydrolysis reaction. The zinc
and steam were introduced into the system through the carrier gas argon. The
parameters that varied during the experiments were furnace temperature (used to
evaporate zinc), flow rate of argon gas carrying zinc, and H2O: Zn molar ratio. They
observed that the yield of hydrogen decreased, as the flow rate of argon gas and
furnace temperature increased. While, no significant effect of H20: Zn molar ratio was
observed on the yield of hydrogen. The zinc nanoparticles formed during the
experiment ranged from 10-100 nm in diameter.
Hamid et al. [2009] conducted experimental investigation of the zinc hydrolysis step in a
tubular reactor. In this study, the evaporated zinc was quenched to produce
nanoparticles by means of a device called quench ring. The streams of zinc and pure
argon entered the reaction section through the central and outer regions of quench
ring, respectively. A mixture of argon and steam entered the section through the
annular region of the quench ring. They also performed simulations to study the flow
behavior inside the reactor (without modeling the chemical reaction). The numerical
results showed entrainment of zinc particles in the central core of the reactor, when
steam/argon jet had the highest flow rate. However, the particles were forced towards
the reactor wall, when the argon mass flow rate was the highest. A comparison of
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numerical and experimental results was also made and they observed over-prediction of
the temperature by the numerical model. Their experimental results showed a decrease
in the zinc oxide formation as the wall temperature decreased along the length of the
reactor.
Ernst et al., [2009] investigated the kinetics of the hydrolysis reaction through
thermogravimetric analysis. Submicron zinc particles were used in the reaction at the
temperature range of 300-380 °C. To study the kinetics of hydrolysis reaction, core-shell
model of zinc oxidation was described in which the core was composed of zinc covered
with zinc oxide layer. Initially, a constant concentration of zinc ions was present in the
zinc oxide layer. When steam came in contact with the surface of the particles, zinc ions
reacted with steam resulting in the depletion of zinc ions. As a result, a concentration
profile of zinc ions developed across the zinc oxide layer that resulted in slower reaction
kinetics. They concluded that two regimes of the hydrolysis kinetics were observed. The
initial fast surface kinetics was followed by the slower kinetics. The activation energy
and pre-exponential factor for the fast surface kinetics were found to be 42.8KJ/mol and
2xl0'5 mol/cm2-s respectively, while, the activation energy and pre-exponential factor
for the slower kinetics were 42.9KJ/mol and 1.5xl0'13 mol/cm-s, respectively. It was
further proposed that for freshly made zinc particles with no zinc oxide layer, the slower
kinetics of the hydrolysis were applicable from the inception of the reaction.
Hamed et al. [2008] carried hydrolysis of zinc in a heated wall flow reactor. The reactor
consisted of a quartz tube surrounded by a cylindrical furnace. One gram of zinc was
placed in a crucible located inside the reactor. The steanrzinc molar ratio was kept
around 50, and argon was used as a carrier gas. The yield of hydrogen as a function of
argon gas flow rate, and temperature distribution along the reactor length was studied.
Zinc oxide production was also investigated. It was observed that the yield of hydrogen
increased with a decrease in the carrier gas flow rate. However, the yield of hydrogen
was not affected by the furnace temperature. The results also showed that the amount

19
of zinc oxide formation decreased substantially in the cooler section of the quartz tube
with no zinc hydrolysis near the end of the tube.
Hydrogen in a hot-wall aerosol flow reactor was produced by Melchior et al. [2009].
Initially, zinc was evaporated in a tube surrounded by a cylindrical furnace. It was then
carried into a quenching zone by the flow of nitrogen. In the quench zone, zinc carried
by nitrogen was mixed with streams of steam and nitrogen. The flow then entered a
temperature controlled reaction zone. Significant temperature drop occurred in the
quench zone, due to mixing, as compared to the steady temperature profile in the
reaction zone. The affects of evaporator temperature, quench gas flow rate, and
reaction zone wall temperature on the yield of hydrogen, zinc oxide fraction in the
particle, and zinc particle yield were investigated. It was found that the yield of
hydrogen decreased from 95% to 65% when quench flow rate was increased from
1 l/min to 7.5 l/min. No significant change occurred on the hydrogen yield when the
flow rate was further increased. For a wide range of quench flow rates, the zinc particle
yield and zinc oxide fraction in the particle stayed low. The yields of hydrogen and zinc
particles were not observed to change significantly by altering the evaporator
temperature. An increase in the yield of hydrogen occurred from 42% to 66%, when the
reaction zone temperature increased from 573 to 873K. However, for the same reaction
zone temperature range, the zinc particle yield decreased from 52% to 28%.
Lv et al., [2010] conducted thermogravimetric analysis of zinc particles' hydrolysis to
investigate the reaction mechanism, and to study the effect of different parameters on
the conversion of zinc. The rate of reaction was found to be dependent on the zinc
evaporation, and its diffusion though zinc oxide layer formed on the zinc particles during
the hydrolysis. They observed an increase in zinc conversion from 66% to 90%, when the
heating rate of the reactor was increased from 10°C/min to 25°C/min. No significant
affect on the zinc conversion was observed by changing the partial pressure of steam.
However, when the pressure of the reactor was increased from 0.1 MPa to 0.6 MPa, the
zinc conversion decreased from 90% to 76%. Zinc conversion changed considerably
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when the zinc particle diameter was varied. The zinc conversion was found to be less
than 20% for the zinc particles of 150 micron diameter, which increased to 99% when
11 micron diameter zinc particles were used. Some other results showed that the pure
zinc particles have slightly less conversion as compared to the zinc particles containing
some impurities.

1.7 Motivation and objectives
As the above literature review shows, there are relatively few numerical studies on the
zinc oxide reduction step and almost all of them were conducted in a 2D domain. Very
few of these studies considered the zinc oxide reduction step in a solar receiver exposed
to concentrated solar radiation [Abanades et al., 2007; Haussener et al., 2009; Perkins
and Weimer, 2007]. A 2D domain could not properly simulate the effects of threedimensional geometries if the flow is not axisymmetric. This is the case in simulating the
zinc oxide reduction reaction in a solar cavity receiver. Furthermore, these studies have
applied some approximate thermal boundary conditions on the receiver wall to
incorporate the effect of solar concentrators which were not directly obtained from the
real experiments or from the radiation modeling of the sunlight concentration due to
the reflection of solar radiation by the parabolic dish. In other words, no study, as yet,
has simulated the zinc oxide reduction step in a solar receiver that is exposed to a
temperature distribution similar to that in a coupled parabolic dish concentratorreceiver system. This represents a more realistic condition and is very crucial in
designing the receiver/reactor as well as the parabolic dish. In addition, no study
(experimental or numerical) investigated the influence of receiver geometry on the
extent of the reduction reaction.
The literature review related to the hydrolysis step showed that no detailed numerical
study of the hydrolysis step has been conducted. The numerical study of hydrolysis step
is very vital as it will allow us to observe the effect of various parameters on the extent
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of the reaction. Similarly, no study (experimental or numerical) investigated the
influence of receiver geometry on the extent of the hydrolysis reaction.
Considering the challenges associated with experimental investigation of the hydrogen
production through thermochemical water splitting process using concentrated solar
energy, numerical modeling provides a valuable tool to conduct a detailed parametric
study which would lead to optimize the reactor design, and operating parameters and
condition to maximize the yield of hydrogen.
The objective of this research study is, to conduct a detailed numerical investigation of
the hydrogen production through zinc oxide thermochemical water splitting cycle. The
specific focus is on, (i) the three dimensional modeling of the thermochemical process,
(ii) more accurate thermal boundary conditions of the concentrated solar heat flux
distribution, (iii) detailed parameterization of both reaction steps to optimize the
reactor design, and operating parameters and condition to maximize the yield of
hydrogen.

1.8 Thesis layout
Chapter one provides the introduction, literature review, motivation and objective of
this research work. Chapter two describes the numerical modeling of both zinc oxide
thermochemical cycle steps along with the corresponding mathematical equations. The
validation of numerical models and their grid independence tests are also presented in
this chapter. Chapter three deals with the detailed parametric study and analysis of the
first step cycle. Chapter four is focused on the detailed parametric study and analysis of
the second step. The main conclusions of the research along with some future
recommendations are summarized in Chapter five.
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CHAPTER 2: NUMERICAL MODELING
This chapter covers the numerical modeling of reduction and hydrolysis steps of ZnO/Zn
thermochemical water splitting cycle. The numerical modeling of both steps is described
first along with the corresponding mathematical equations, which is followed by the
numerical validation and grid-independence test of each step.

2.1 Numerical and mathematical modeling of zinc oxide reduction step
The first step in ZnO/Zn thermochemical water splitting cycle is the reduction of zinc
oxide. It is an endothermic process which requires very high temperature of about 2000
K to reduce the zinc oxide, and it is given by following equation.
ZnO ------- ► Zn + 0.502

(2.1)

The simulations of zinc oxide reduction were carried out in a solar receiver exposed to
concentrated solar energy. The zinc oxide particles were carried into the reactor by the
argon gas, where the reduction of particles occurred due to the presence of high
temperature generated by the concentrated sunlight. Zinc and oxygen gas, formed
during the reduction reaction, were then forced out of the receiver by the argon.
This section provides a comprehensive modeling detail of zinc oxide reduction step
along with the corresponding mathematical equations. From the modeling perspective,
the flow is 3-D, steady-state, incompressible, turbulent, reactive, and involves heat
transfer. All the equations presented in this section were taken from Fluent 6.3
documentation [2006].
The continuity and momentum equations are utilized to model the flow. The continuity
equation is given by,
% + V .(p t)= S m

(2.2)
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where, v is the velocity vector and p is the fluid density. The term Sm is the source
terms for the mass from the discrete to the continuous phase.
For each rectangular coordinate direction, the momentum equation is given by,
(pv) + V. (pvv) = —Vp + V. (f) + pg + F

(2.3)

where, g is the acceleration due to gravity and p is the static pressure. The stress
tensor (f) in the second term of the right hand side is further simplified for the
incompressible flow. The last two terms on the right hand side represent the
gravitational body forces (pg) and the external body forces (F) arising due to the
interaction with the discrete phase. The first term on the left hand side is set equal to
zero due to the stead flow condition.
Turbulence modeling was also incorporated in the numerical model since the flow
undergoes intense mixing and complex flow interactions, despite low Reynolds
numbers. Therefore, to account for turbulence, the time-averaged momentum equation
is used which is given by,
d_
dt v uo + ^ ( w w = - S ; + 4 [" ( S ; + S

“
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where, uf represents the average velocity components, u[ represents the fluctuating
velocity components (i = 1,2,3), p is the dynamic viscosity of fluid, and <$i7is the
kronecker delta. By comparing the above equation with equation (2.3), it is evident that
the above equation has an additional term(—pu[u'j), called Reynolds stresses, which
represent the effect of turbulence. To close the above equation the Reynolds stresses
must be modeled. One way to model theses stresses is to apply the Boussinesq
hypothesis, which relates these stresses to the velocity gradients and is given by the
following expression,
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(2.5)

-pu[u'j = pt

where, pt is the turbulent viscosity and k is the turbulent kinetic energy. The second
term on the right hand side represents the effects of compressibility, which is neglected
in the present case due to the assumption of incompressible flow.
To compute pt and k, two additional transport equations are required. The k — e
model was utilized to incorporate turbulence in the numerical model of zinc oxide
reduction step. Since most of the inlet configurations considered in the present study
induces swirl flow, the RNG option was selected in the k-s model since it considers the
effect of swirl more efficiently than the standard k-e model. Differential viscosity model
was enabled since the flow Reynolds number was not very high. Enhanced wall
treatment option was also enabled to make the turbulence modeling more robust. The
k — s RNG model is given by the following equations,
d_
dt

where, e is the rate of turbulent kinetic energy dissipation. The first term on the left
hand side in the above equations will disappear due to the steady flow condition. In
equation (2.6), Gk and Gb represents turbulent kinetic energy production due to velocity
gradients and buoyancy, respectively. The dilatation dissipation term(FM) is neglected in
this model as it is important in the compressible flows. The last terms on the right hand
sides of both the equations (Sk andSJ account for the user defined source terms and
are neglected in the present model. The terms ak and ae are the inverse effective
Prandtl numbers that are evaluated using an equation given in RNG theory [FLUENT 6.3
documentation, 2006]. ClE, C2e, and

£ 3 £ are

the constants. The effective viscosity (peff)

is evaluated by the differential equation of turbulent viscosity given in the Fluent 6.3
documentation [2006]. The swirling effects are also included in the model by modifying
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the previously evaluated effective viscosity. The term Rs is the main difference between
RNG and standard k-£ model and by virtue of this term the effects of streamline
curvature and rapid stain are dealt more accurately by RNG as compared to the
standard k- e model [FLUENT 6.3 documentation, 2006].

The energy equation used in the numerical model of zinc oxide reduction step is given
by,
j t (pE) + V. {v{pE + p)) = V. {k eff I T - Y.j hjjj + (7e//. v )) + Sh

(2.8)

and E = h - - + —
p 2
The first term on the right hand side represents energy transfer due to conduction,
while the second and third terms represents energy transfer due to species diffusion
and viscous dissipation, respectively. The source term (Sh) includes energy sources due
to radiation and chemical reaction. The viscous dissipation term is neglected as it is
important in compressible flows. The unsteady term is also neglected in the equation.
The effective thermal conductivity (fce//) is composed of thermal conductivity and the
turbulent thermal conductivity, which is used to evaluate heat transfer due to
turbulence. The total energy term (E) is further simplified to the enthalpy term (h) as
pressure work and kinetic energy terms are negligible.
Due to the presence of very high temperature inside the receiver, the effects of
buoyancy and heat transfer though radiation cannot be neglected. Buoyancy effects
were considered by enabling gravitational acceleration. Discrete ordinate (DO) radiation
model was used to incorporate the effects of radiation, and it is given by the following
radiative transfer equation.
V. (/(r, s)s) + (a + <7s)/(r, s) = an2

^ f* n I (r, s')<P(s. s')dI2'

(2.9)
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where, s is the direction vector, f is the position vector, a is the absorption
coefficient, as is the scattering coefficient, n is the refractive index, a is the StefanBoltzmann constant, T is the local temperature, / is the radiation intensity, <P is the
phase function, and 12'is the solid angle.

Since the volume fraction of zinc oxide particles was very low compared to the argon
(below 0.001%), discrete phase modeling was used to simulate zinc oxide particles in the
receiver. The model neglects particle-particle interaction. Due to the very low volume
fraction of zinc oxide particles, it is very unlikely that these particles would undergo
particle-particle interaction and thus, it will not induce any appreciable error in the
simulation results. Two-way coupling between the continuous and discrete phases was
achieved by enabling the interaction with the continuous phase option. Turbulent
dispersion of particles was also incorporated through stochastic tracking with discrete
random walk model. Sufficient numbers of time steps were chosen to completely track
each zinc oxide particle. The particle trajectory equation (x-direction) is given by,

S x iP p -p )
Pp

+ FX

( 2 . 10)

where, u is the fluid velocity, Up is the particle velocity, p is the fluid density, pp is the
particle density, Fx is the additional acceleration, and gx is the gravitational
acceleration. Since there are no additional forces,

is negligible. First term on the right

hand side of equation (2.10) represents the drag force per unit mass of particle which is
evaluated by considering particles to be spherical.
The particle equation for the heat transfer is given by,

where, mp is the particle mass, cp is the particle heat capacity, Ap is the surface area of
the particle,

7!«, is the fluid local temperature, h is the convective heat transfer
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coefficient, a is the Stefan-Boltzmann constant, ep is the emissivity of the particle, 0R is
the radiation temperature (evaluated by using the incident radiation), f his the fraction
of heat absorbed by the particle, and Hreac is the heat of chemical reaction. The three
terms on the ride hand side represents heat transfer due to convection, chemical
reaction and radiation, respectively. The radiation heat transfer term is neglected in the
present model as this term had negligible magnitude in comparison to the other terms
in the equation.
Species transport model was selected to simulate the reduction reaction. Since the
reaction occurs on the surface of particles, particle surface reaction was enabled. Zinc
oxide was selected as solid specie, while zinc, oxygen, and argon were selected as fluidphase species. Furthermore, zinc oxide was selected as a combusting particle with
multiple-surface-reactions as a combusting model. The transport of fluid phase species
is represented by the following equation,
£ (pYj) + V. (pvYt) = -V.y- + R t + St

(2.12)

where,/i is the species diffusive flux, Yj is the species mass fraction. If N fluid phase
species are present in the system, then N-l species equation are solved during
simulations. The term

represents species (i ) net production by particle surface

reaction. The net rate of species production by gaseous reaction is incorporated through
Rt term. As the reduction reaction is solely particle surface reaction, the Rt term is
neglected. The second term on the left hand side and first term on the right hand side of
equation (2.12) represent species convective and diffusive fluxes, respectively. The
unsteady term in the equation will disappear because of the steady-state conditions.
Particle surface reaction stichiometery involving gas phase species n and particle surface
species j is described by following equation,
particle species j (s) + gas phase species n —► products

(2.13)
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Gas phase reactant species are consumed during the surface reaction, and therefore
provide negative source in the corresponding species transport equation. Similarly, gas
phase product species produced during the reaction provide source in the species
transport equation. The rate of particle surface reaction is given by the following
equations,
R jr — ApT)r YjRj r

Rj.r\N

Rj.r = RkinAPn ~ ~7T~)
u o,r

(2.14)

(2.15)

where, Rj r is the depletion rate of the particle surface species, Ap is the surface area of
the particle, Yj is the surface species mass fraction in the particle, rjr is the effectiveness
factor, Rj r is the particle surface species reaction rate per unit area, pn is the gas phase
species bulk partial pressure, Do r is the diffusion rate coefficient of the reaction, f?kinjr
is the reaction kinetic rate, N is the order of the reaction. f?fcin>r. is derived by the
Arrhenius expression given by the following equation,
Rkin,r = A rT ^ e -V r/ W

(2.16)

where, Ar is the pre-exponential factor, /?r is the temperature exponent, Er is the
reaction activation energy, and R is the universal gas constant. The temperature
exponent is set equal to zero because the experimental investigations conducted on the
rate of reduction reaction did not consider this variable. The activation energy and pre
exponential factor values for zinc oxide reduction step were set equal to 328.5 KJ/mol
and 1.4 x 106 Kg m 'V 1, respectively [Abanades et al., 2007].

2.1.1 Geometric modeling and boundary conditions
The geometric modeling and meshing of the receiver was carried out in Gambit 2.4. The
central portion of the receiver was meshed with hexahedral elements. The remaining
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volume of the receiver, including the inlet and outlet passages, was meshed with
tetrahedral elements. The near wall mesh was generated in a manner to keep y+ at the
wall was equal to unity [FLUENT 6.3 documentation, 2006].
The velocity and temperature of the argon gas were specified at the inlet as the inlet
boundary conditions. From the species perspective, the mass fraction of argon was kept
equal to 1 at the inlet. The outflow boundary condition was applied at the outlet for all
the flow variables. This condition implies that the diffusive flux at the outlet control
surface is zero, that is, the gradients of flow variables normal to the outlet control
surface are zero [FLUENT 6.3 documentation, 2006]. The thermal boundary condition on
the inner wall of the receiver was based on the temperature distributions obtained from
the simulations of solar radiation in a 3D parabolic dish-receiver domain using ray trace
modeling by Wang and Siddiqui [2010]. This provided a more accurate estimate of the
radiant heat flux distribution inside the receiver compared to previous numerical
studies. Wang and Siddiqui [2010] simulated the temperature distribution for different
receiver geometries and inlet conditions. In the present study, these temperature
distributions were implemented for the same receiver geometry as in Wang and
Siddiqui [2010]. Examples of the temperature distribution obtained from Wang and
Siddiqui [2010] that is applied in the present study are shown in figure 2.1. No-slip
hydrodynamic boundary condition was imposed on the walls of the receiver and inlet
and outlet pipes.
2.1.2 Solution parameters
Second order upwind scheme was used for the spatial discretization of momentum,
energy, species, radiation, and turbulence equations. Interpolation of pressure was
achieved by utilizing the standard scheme. Coupling between pressure and velocity was
achieved through SIMPLE algorithm. Convergence criterion of 10'4 was set for mass,
momentum and turbulence equations, 5xl0'4 for the species equations, and 10'6 for the
energy and radiation equations. The convergence criterion for each equation was set
based on the evaluation of the computational time and results convergence. The results
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show that overall, lowering the convergence criterion by an order of magnitude,
increased the computational time by a factor of five, but did not produce considerable
effect on the results. Therefore, it was decided to keep the above-mentioned
convergence criteria for the subsequent simulations. No significant effect on the yield of
zinc gas was obtained by varying the number of discrete phase particles from 11 to 704.
Therefore, it was decided to keep the number of particles around 500.
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a)
b)
Figure 2.1 Temperature distribution on the inner surface of the receiver wall at different
conditions. (The color bar is in Kelvin) [Adapted from Wang, 2010].

2.2 Numerical and m athem atical modeling of hydrolysis step

In ZnO/Zn thermochemical water splitting cycle, hydrogen is produced in the second
step of the cycle, where steam reacts with zinc to produce hydrogen gas and zinc oxide.
It is an exothermic reaction given by the following equation,
H20 + Zn-----► H2 + ZnO

(2.17)

The simulations of hydrolysis step were carried out in a cylindrical reactor. The reactant
zinc particles and steam entered the reactor along with argon which carried zinc
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particles. During the process of hydrolysis, a layer of zinc oxide was formed on the
surface of the zinc particles along with the formation of hydrogen gas. The mixture of
gases (hydrogen and argon) along with the particles exited the cylinder through an
outlet.
This section provides modeling detail of the hydrolysis step along with the
corresponding mathematical equations. From the modeling perspective, the flow is 3-D,
steady-state, incompressible, turbulent, reactive, and involves heat transfer. All the
equations presented in this section were taken from Fluent 6.3 documentation [2006].
The continuity and momentum equations are utilized to model the flow. The continuity
equation is given by,
f t + V. ip v ) = Sm
9

(2.18)

where, v is the velocity vector, p is the fluid density, and Sm is the source term
representing the mass addition from the discrete to the continuous phase.
For each rectangular coordinate direction, the momentum equation is given by,
(pv) + V. (pvv) = —Vp + V. (f) + pg + F

(2.19)

where, g is the acceleration due to gravity and p is the static pressure. The stress
tensor (f) in the second term on the right hand side is further simplified for the
incompressible flow. The last two terms on the ride side represent the gravitational
body forces (pg) and the external body forces (F ) arising due to the interaction with the
discrete phase. The first term on the left hand side was discarded due to the steady flow
condition.
Turbulence modeling was also incorporated in the numerical model since the flow
undergoes intense mixing and complex flow interactions, despite low Reynolds
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numbers. To account for the turbulence, the time-averaged momentum equation is
used which is given by,

Tt ('5U0 +

( W H f) = -

+ £ r, V

+

" 51
S‘J § ) ] + 4

(_ p u :u ;)

(2-20)

where, u t represents the average velocity component, u- represents the fluctuating
velocity component (i = 1,2,3), n is the dynamic viscosity of fluid, and fly is the
kronecker delta. By comparing above equation with equation (2.19), it is evident that
the above equation has an additional term of—pu[u'j. This term is called Reynolds
stresses which represent the effect of turbulence. To close the above equation the
Reynolds stresses must be modeled. One way to model theses stresses is to apply the
Boussinesq hypothesis, which relates these stresses to the velocity gradients and is
given by the following expression,

-pu[u; = ft

- \ ( pk + ft g )««

(2.21)

where, ¡it is the turbulent viscosity and k is the turbulent kinetic energy. The second
term on the right hand side represents the effects of compressibility, which in the
present case is neglected because the flow is considered to be incompressible.
To compute /zt and k, two additional transport equations have to be solved. For the
numerical model of hydrolysis step, k-u model was selected to include the effects of
turbulence. The k-w SST model was selected due to its better convergence compared to
the standard k-iu model. The transitional flow option was also enabled to account for
low Reynolds numbers. The k — o) SST model is given by the following equations,

± m

+ ^

kUl) = ± . ( r k B . y c k - Yk + s k

( 2 . 22)
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(2.23)

The first terms on the left hand side of the above equations are discarded due to the
steady flow condition. The terms Gk and Gw describes the generation of turbulent
kinetic energy (k ) and the specific dissipation rate (oo) respectively. The Dissipation of k
and o) is represented by Yk and

terms. The effective diffusivity of k is represented by

rfc, while effective diffusivity of a) is represented

by

rw. As there are no user defined

source terms in the model, Sk and Sw terms are neglected. Du represents the cross
diffusion term. The turbulent viscosity ( ) is evaluated by the relation given in the
Fluent documentation [FLUENT 6.3 documentation, 2006].
The energy equation used in the numerical model of hydrolysis step is given by,
(pE) + V. (v(p £ + p )) = V. (k effVT - E y hjJj + ( f e//. v )) + Sh

(2.24)

and E — h - - + —
p 2
The first term on the right hand side represents the energy transfer due to conduction,
while the second and third terms represents the energy transfer due to the species
diffusion and viscous dissipation, respectively. The source term (Sh) includes the energy
sources due to radiation and chemical reaction. The viscous dissipation term is
neglected as it is important in the compressible flows. The unsteady term is also
neglected. The effective conductivity (fce//) is comprised of the thermal conductivity
and the turbulent thermal conductivity. The total energy (E) is further simplified to the
enthalpy (h) as the pressure work and kinetic energy are considered negligible.
Since the volume fraction of zinc particles was very low (below 0.001%) compared to the
continuous phase, discrete phase modeling was used to simulate zinc particles in the
reactor. The model neglects particle-particle interaction. Due to the very low volume
fraction of zinc particles, it is very unlikely that these particles would undergo particle-
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particle interaction and thus, it will not induce any appreciable error in the simulation
results. Two-way coupling between the continuous and discrete phases was achieved by
enabling the interaction with the continuous phase option. Turbulent dispersion of
particles was also incorporated through stochastic tracking via discrete random walk
model. Sufficient numbers of time steps were chosen to completely track each zinc
particle. The particle trajectory equation is given by following equation (x-direction),

dx(Pp-p)
Pp

+ FX

(2.25)

where, u is the fluid velocity, Up is the particle velocity, p is the fluid density, pp is the
particle density, and gx is the gravitational acceleration. Since there are no additional
forces ,FX , which represents any additional acceleration, is neglected. First term on the
right hand side represents the drag force per unit mass of the particle which is evaluated
by assuming spherical particles. The second term on the right hand side is also neglected
due to insignificant gravitational effects.
The heat transfer equation for the particle is given by,

where, mp is the mass of the particle, cp is the specific heat of the particle , Ap is the
particle surface area, T„ is the bulk temperature of the fluid, h is the convective heat
transfer coefficient, a is the Stefan-Boltzmann constant, ep is the emissivity of the
particle, 0R is the radiation temperature (evaluated by using the incident radiation),
/his the fraction of the heat absorbed by the particle, and Hreac is the heat of the
chemical reaction. The three terms on the ride hand side represents heat transfer due to
convection, chemical reaction and radiation, respectively. The radiation term is
neglected in the hydrolysis step.
Species transport model with particle surface reaction was selected to simulate the
chemical reaction since the reaction occurs at the particle surface. Zinc and zinc oxide
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were selected as solid species while hydrogen, steam and argon were selected as fluidphase species. Furthermore, zinc was selected as a combusting particle with multiplesurface-reactions. The transport of fluid phase species is represented by the following
equation,
(2.27)

s (PYi) + V. (pvYO = -7 ./ , + R, + S,

where,/[ is the species diffusive flux, Y, is the species mass fraction. If N fluid phase
species are present in the system, then N -l species equation are solved during
simulations. The term St represents the net production of specie (i) by the particle
surface reaction. As the hydrolysis reaction is solely particle surface reaction,

term

which represents the net rate of specie production by the gaseous reaction, is
neglected. The second term on the left hand side and first term on the right hand side
represents specie's convective and diffusive fluxes, respectively. The unsteady term in
the equation is discarded due to the steady condition.
Particle surface reaction stichiometery involving gas phase species n and particle surface
species j is described by the following equation,
particle speciesy (s) + gas phase species n —►

products

(2.28)

Gas phase reactant species are consumed during the surface reaction, and therefore
provide negative source in the corresponding species transport equation. Similarly, gas
phase product species produced during the reaction provide source in the species
transport equation. The rate of particle surface reaction is given by the following
equations,
(2.29)

(2.30)

36
Rj r is the depletion rate of the particle surface species, Ap is the particle surface area,
Yj is the surface species mass fraction in the particle, 7]r is the effectiveness factor, Rj r
is the particle surface species reaction rate per unit area, pn is the gas phase species
bulk partial pressure, Dor is the diffusion rate coefficient of the reaction,

is the

reaction kinetic rate, N is the order of the reaction. Rkin,r is derived by the Arrhenius
expression given by following equation,
R kin.r

= ArTfire-Vr/RT)

(2.33.)

where, Ar is the pre-exponential factor, f3r is the temperature exponent, Er is the
reaction activation energy, and R is the universal gas constant. The temperature
exponent is set equal to zero because the experimental investigations conducted on the
rate of reduction reaction did not consider this variable. The activation energy and pre
exponential factor values for the hydrolysis reaction were set equal to 4.3 x 107 J/Kmol
and 2 x 10'4 Kmol m V 1, respectively [Hamed et al., 2008].
2.2.1 Geometric modeling and boundary conditions
Geometric modeling of the hydrolysis reactor was done in GAMBIT 2.4. Both hexahedral
and tetrahedral elements were utilized to mesh the reactor domain. The near wall mesh
was generated in a manner to keep y+ at the wall was equal to unity /FLUENT 6.3
documentation, 2006].
A constant temperature was applied at the inner surface of the reactor as the thermal
boundary condition. The hydrodynamic boundary condition at the wall was no slip
condition. The inlet mass flow rates and temperatures of argon and steam were defined
as their respective inlet conditions. The species mass fraction was also specified at the
inlet surface of the domain. The purpose of applying mass flow inlet boundary condition
was to make sure that the desired molar ratios of steam/zinc and argon/steam were
obtained inside the reactor. The outflow boundary condition was applied at the outlet
for all the flow variables. This condition implies that the diffusive flux at the outlet
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control surface is zero, that is, the gradients of flow variables normal to the outlet
control surface are zero [FLUENT 6.3 documentation, 2006].
2.2.2 Solution parameters
The second order upwind scheme was used to discretize the momentum, energy,
species, and turbulence equations. Interpolation of pressure was achieved using
standard scheme. Simple algorithm was used for the pressure and velocity coupling. The
convergence criterion of 10'4 was set for the continuity, momentum, species and
turbulence equations, and 10‘6 for the energy equation convergence criterion.

As

mentioned earlier, the convergence criterion for each equation was set based on the
evaluation of the computational time and results convergence. It was observed that by
lowering that convergence criterion, the maximum change in the results was about 4%,
while the computational time increased by up to a factor of 20. Therefore, it was
decided to keep the above-mentioned convergence criteria for the subsequent
simulations. The number of discrete phase particles was also varied from 178 to 712,
but the hydrogen yield changed by less than 0.02% between the two values. Therefore,
it was decided to use 356 discrete phase particles in the simulation.

2.3 Model validation of the zinc oxide reduction step
There are few experimental studies on the zinc oxide reduction reaction reported in the
literature. However, most of them have insufficient experimental details to model them
numerically. One study with sufficient experimental details was of Perkins et al. [2008],
which involved zinc oxide reduction in an aerosol reactor. The schematic of their
experimental setup is given in figure 2.2. The system consisted of a 9.02 cm diameter
Al20 3 muffle tube surrounded by a graphite element which acted as an electrical
resistance furnace. Zinc oxide particles were introduced into the system through a
vibrating tray that forced the particles into the rotating wheel used to refine the particle
size. Argon gas flowing across the wheel carried the zinc oxide particles into the muffle
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tube through the lance. The lance was made up of three concentric tubes. The inner and
outer copper tubes surrounded a center brass tube. The annular space around the brass
tube was filled with running water. The inner copper tube of the lance was utilized to
carry the mixture of argon and zinc oxide into the muffle tube. The objective of the
lance was to keep the particles at the room temperature before they entered the hot
zone. A sweep gas flow composed of pure argon gas also entered from the top of the
muffle tube and flowed around the lance before mixing with the flow coming out of the
lance. A quench tube, similar in construction to lance, was placed at the downstream
end of the muffle tube to quickly cool and collect the reacted flow for the analysis. A
conical cap was placed at the top of the quench tube to direct the mixture into the
quench tube. Flow that did not enter the quench tube was not analyzed as it did not
undergo the process of quenching [Perkins et al., 2008].
Entrainment
, argon tn
Vibrating
tray

Graphite
Element

Alumina muffle
tube
Outer cooling zone

HEPA Filter

Togas am

Gravity collection vessel

Figure 2.2 Schematic of reduction reaction experimental setup (adapted from Perkins et
al. [2008])
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2.3.1 Generation of the validation model
Numerical modeling of the complete experimental setup was not performed as it would
have been computationally expensive. Instead, the major components of the
experimental setup were modeled which included lance, muffle tube and quench tube.
A tangential inlet of 1.27cm diameter was also created at the top portion of the muffle
tube to introduce sweep gas into the system. The geometric model of the setup is
presented in figure 2.3. The grid containing more than 530,000 cells was selected after a
grid independence test.

Muffle tub

Figure 2.3 Geometric model for the validation
The inner surface temperature of the lance was kept at 293 K, as the objective of the
component was to keep the flow at the room temperature before it entered the hot
zone. All other surfaces of the lance were kept adiabatic for the same reason. Similar
thermal boundary condition was applied at the quench tube i.e. the tube inner surface
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temperature was kept at 293 K and all other surfaces were kept adiabatic. Constant
temperature thermal boundary condition was applied at the circumferential surface of
the muffle tube. Top and bottom surfaces of the muffle tube were kept adiabatic as they
had negligible impact on the flow and chemical reaction. No slip condition was applied
on all surfaces of the lance, muffle tube and quench tube. The inlet conditions applied to
the model were based on the conditions provided in [Perkins et al., 2008]. In the
experiments [Perkins et al., 2008], the sweep gas flow rate varied from 6 to 14 slpm. In
the validation, we used the average flow rate of 10 slpm. The outflow condition was
applied at the quench tube outlet because there were no constraints at the outlet.

2.3.2 Validation of the numerical results
Perkins et al. [2008] performed two types of analyses. The first analysis provided the
fractional conversion of zinc oxide solely due to the forward reaction, while the other
provided the complete fractional conversion including the recombination reaction. As
our numerical model does not consider the process of recombination, the forward
reaction results were considered. The experimental data of zinc oxide conversion
percentage versus the temperature were used as the validation parameters. Figure 2.4
shows the comparison of the experimental and numerical results. The experimental
results have scatter in the data (i.e. relatively large repeatability errors). The results of
the numerical model were well within the scattered data range at each temperature
(except at the lower end), thus confirming their validation.
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Figure 2.4 Comparison of the numerical results from the present model and the
experimental results of Perkins et al. [2008]

2.4 Hydrolysis step model validation
Different experimental investigations have been conducted on the hydrolysis step of
ZnO/Zn cycle. However, most of them have insufficient data from numerical modeling
aspect. Furthermore, these studies have presented majority of the results in the
transient form. The experimental investigation of Wegner et al. [2006] has sufficient
data for numerical modeling, and also includes steady-state results. Thus, the
experimental results of this study were chosen for the model validation. Their
experiments involved nanoparticle formation of evaporated zinc which then reacted
with steam to produce hydrogen gas and a layer of zinc oxide on the surface of the zinc
particles. The schematic of their experimental setup is shown in figure 2.5. It consisted
of a 5.25 cm inner diameter inconel tube surrounded by a cylindrical furnace. Molten
zinc placed inside the tube was evaporated due to the high temperature and was carried
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by the argon gas flowing over the molten zinc container into the lance. The lance
consisted of a centre tube and multiple outer (peripheral) tubes. A steel cap was placed
before the lance to direct the argon and zinc mixture into the center tube as well as to
redirect the mixture of steam and argon entering from the 12 peripheral tubes, to mix
with the argon/zinc mixture before entering the center tube. The hydrolysis occurred in
the center tube [Wegner et al., 2006].

Ar

*

Figure 2.5 Schematic of the experimental setup (adapted from Wegner et al. [2006])
They studied the yield of hydrogen by varying three parameters. First parameter was
the furnace temperature to evaporate zinc. Second parameter was the flow rate of
argon gas carrying zinc, and third parameter was the molar ratio of steam and zinc that
was varied by varying the flow rate of steam from 2.3 to 33.2 g/hr [Wegner et al., 2006].
We used their experimental results based on the third parameter to validate our model
because it had sufficient number of data points for a meaningful comparison.
Furthermore, for these experimental results, the other two parameters were kept
constant i.e. the furnace temperature was kept 1023K and flow rate of argon carrying
zinc was kept 0.5 l/min [Wegner et al., 2006].
2.4.1 Geometric modeling
Due to the requirement of significant computational resources to model the entire
setup, only the main section i.e. the mixing zone along with the lance centre tube was
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modeled which included the region where the chemical reaction took place. Gambit 2.4
was used for the model generation. The model is shown in figure 2.6. It comprised of a
mixing zone with the diameter and length of 4.8 cm and 6 mm, respectively (Wegner et
al., personal communication). A 2mm inlet equal to the diameter of the steel cap hole in
the experimental setup (Wegner et al., personal communication) was created on the left
face of the mixing zone through which Ar/Zn mixture entered the domain. The centre
tube has the diameter and length of 1.65 cm and 50 cm, respectively. On the right face
of the mixing zone, 12 short length tubes, 2.5 mm in diameter, were created around the
centre tube to simulate the flow of steam/Ar into the mixing zone. A fine mesh
containing more than 300,000 cells was created for the simulations. To make sure that
the mixing of different streams occurred accurately, very fine meshing was performed in
the mixing zone volume.
Multiple tubes carrying
Ar/steam mixture

Figure 2.6 Geometric model of the experimental setup
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2.4.2 Boundary conditions
All surfaces of the mixing zone were kept adiabatic since the length of the zone was
small compared to the length of the lance centre tube. Similar thermal boundary
condition was applied to the walls of the 12 short length tubes. To accurately simulate
the chemical reaction a suitable thermal boundary condition was required at the wall of
lance centre tube. The centerline temperature profile given in figure 8 of [Wegner et al.,
2006] was used as the thermal boundary condition on the wall based on the personal
communication with one of the authors of [Wegner et al., 2006]. The inlet conditions
were based on that provided by [Wegner et al., 2006]. In the experiments, evaporated
zinc was quenched to produce zinc nanoparticles, but due to the unavailability of fine
particle formation module in Fluent, the process of zinc nanoparticle formation could
not be simulated. Therefore, zinc was injected into the mixing zone in the form of
nanoparticles through discrete phase modeling. The temperature of argon was set to
1023 K, which is equal to the zinc evaporation temperature. To evaluate the velocity of
steam/Ar mixture at the multiple inlets, volume flow rate of both species was required.
As mentioned in the paper [Wegner et al., 2006], the flow rate of argon was set to a
fixed value of 1.5 l/min while the flow rate of steam varied according to the required
steam and zinc molar ratio. Table 2.1 provides the mass flow rate of steam required to
achieve the desired molar ratio along with the computed mixture velocity. As the
mixture of steam and argon entered the mixing zone, it was required to define the mass
fraction of steam at the inlets. Table 2.1 also lists the required steam mass fraction. The
inlet temperature of the mixture was set to 623 K (equal to the inlet temperature of the
steam [Wegner et al. 2006]). To inject zinc particles in the form of discrete phase, their
mass flow rate, velocity, temperature, and particle diameter were required at the inlet.
The velocity and temperature of particles were kept equal to that of argon gas. The
particles diameter was set to be lOOnm in accordance with the range given in Wegner et
al., (2006). The mass flow rate of zinc, evaluated during the calculation performed
earlier, is mentioned in Table 2.1. The outflow condition was used at the lance centre
tube outlet because there were no constraints at the outlet.

45

Molar
ratio

Steam mass

Steam/Ar

flow rate

mixture

(kg/s) x 10'6 velocity(m/s)

Mass

Mass flow rate of

fraction

zinc(kg/s) x 10'7

(mole/s) x 10'5

Max H2 mole

8.5

2.320

0.495

0.054

9.909

1.515

9

2.446

0.499

0.057

9.864

1.508

10.75

2.885

0.513

0.066

9.741

1.489

13.5

3.575

0.533

0.081

9.612

1.470

21.25

5.520

0.593

0.119

9.429

1.442

22.5

5.834

0.603

0.125

9.411

1.439

23

5.959

0.606

0.128

9.404

1.438

34.25

8.783

0.693

0.177

9.308

1.423

36

9.222

0.707

0.185

9.298

1.422

Table 2.1 Different flow rates at the required molar ratios

2.4.3 Validation results
Wegner et al. [2006] used the following equation to evaluate the percent yield of
hydrogen.
H 2 y ie ld (% ) =

mole of H2 produced
mole o f H2 maximum

(2.32)

The numerator refers to the moles of hydrogen produced as a product, while, the
denominator refers to the moles of hydrogen produced given the injected zinc was
completely hydrolyzed. The maximum moles of hydrogen are equal to the moles of zinc
injected into the domain because one mole of zinc produces one mole hydrogen gas
during the reaction. The yield of hydrogen, at different molar ratios of steam and zinc,
obtained by the numerical model is presented in figure 2.7 along with the corresponding
experimental values. Considering the uncertainties in the experimental results, the
results in figure 2.7 show a very good agreement between the experimental and
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numerical results thus, validating the numerical model. The difference between the
numerical and experimental results was on average less than 8.5%.
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Figure 2.7 Comparison of the numerical results from the present model with the
experimental results from Wegner et al. [2006]

2.5 Grid-independence test of zinc oxide reduction numerical model
To make sure that the simulation results are not dependent on the grid size, the grid
independence test was performed. The geometry of the receiver for the test is shown in
figure 2.8. It consisted of a cylindrical receiver 20 cm in diameter and 30 cm long.
Tangential inlet and outlet (3 cm in diameter) were located at the lower and upper ends
of the cylinder, respectively.
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Figure 2.8 Receiver geometry for grid-independence test
Four different size grids for the receiver geometry were created in Gambit 2.4. The
central portion of the receiver (middle 22 cm cylindrical length) was meshed with
hexahedral elements, while the remaining volume of the receiver was meshed with
tetrahedral elements. The size of the elements used for different grids along with the
total number of elements is given in Table 2.2. For the coarse grids, the inlet and outlet
faces were meshed with minimum 70 elements to make sure that the dimensions of the
geometry are accurately meshed.
Argon was injected into the receiver with the initial velocity and temperature of 0.1 m/s
and 300 K, respectively. The temperature distribution presented in figure 2.1a was
applied at the inner surface of the receiver as the thermal boundary condition, along
with the hydrodynamic boundary condition of no-slip. Zinc oxide was injected into the
system at a flow rate of 1 x 10'6 Kg/s, with the particle diameter of 1 pm.
The parameters monitored during the grid dependency test were the domain
temperature (K), zinc gas molar concentration (Kmol/m3), and the conversion of zinc
oxide (%). Average values of the fluid temperature and zinc gas concentration were
obtained at the central vertical and horizontal planes of the receiver, along with the
domain-averaged value. Zinc oxide conversion for each grid size was given by a single
value. The conversion of zinc oxide as function of grid size is presented in figure 2.9,
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which shows gradual convergence of the parameter with the increase in grid cell count.
The conversion changed merely by 0.1% from Grid-3 to Grid-4. Figure 2.10 shows the
variation in the fluid temperature with changing grid size. It can be observed from the
figure that increasing the number of grid cells has no substantial effect on the
temperature of fluid. Lastly, figure 2.11 shows the convergence of the zinc molar
concentration as the grid becomes finer. In fact, zinc molar concentration changed by
less than 0.3% (on average) from Grid-3 to Grid-4. Thus, Grid-3 containing 330,356 cells
was selected for the subsequent simulations.
Hexahedral and tetrahedral

Grid element

elements size (mm)

count

Grid-1

10

32,311

Grid-2

6

112,677

Grid-3

4

330,356

Grid-4

3

681,220

Name of the grid

Table 2.2 Different grid size data

Figure 2.9 Grid size versus zinc oxide conversion
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2.6 Hydrolysis step numerical model grid-independence test
The grid independence test of hydrolysis step numerical model was also carried out to
eliminate the dependence of numerical results on the grid size. Same geometry as for
the zinc oxide reduction step was used for the grid independence test of the hydrolysis
step. The mixture of argon, steam, and zinc particles was injected into the domain
through the tangential inlet located near the lower end of the reactor, while the product
exited through a tangential outlet located near the upper end of the reactor. For the
test, four different grids were created in GAMBIT 2.4 (see Table 2.3 for details). The
grids were meshed using hexahedral and tetrahedral elements. The inlet and outlet
surfaces of all the grids contained more than 100 elements, which ensured that the
numerical model has accurate area of both surfaces.

Name of the grid

Size of meshing element (mm)

Grid element count

Grid-1

8.0

67,244

Grid-2

6.0

132,825

Grid-3

4.5

239,657

Grid-4

3.0

701,291

Table 2.3 Total cell count of different grids

A constant temperature of 1000 K was applied as the thermal boundary condition at the
reactor inner surface along with the no-slip hydrodynamic boundary condition. The inlet
mass flow rate and temperature of zinc particles was kept 1.607xl0'6 Kg/s and 500 K,
respectively. The mass flow rate of steam was evaluated by keeping steam/zinc molar
ratio equal to 20. Similarly, the mass flow rate of argon was evaluated by keeping
argon/steam molar ratio equal to 10. The inlet temperatures of both fluids were kept at
500K.
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The parameters considered for the test were fluid temperature (K), molar concentration
of hydrogen gas (Kmol/m3), and the yield of hydrogen (%). The values of fluid
temperature and hydrogen molar concentration were obtained at the central vertical
and horizontal planes of the reactor as well as over the entire domain. A single value of
hydrogen yield was obtained for each size grid, which represents the ratio of the
amount of hydrogen formed inside the reactor to the theoretical maximum amount. The
simulations results showed no significant variation in the hydrogen yield by changing the
grid size. In fact from the coarse to fine grid, the total variation in hydrogen yield was
less than 2%. Figures 2.12 and 2.13 show the variation of the fluid temperature and
hydrogen molar concentration as a function of grid size, respectively. It can be observed
from figure 2.12 that the change in grid size has no significant effect on the fluid
temperature. However, some variation is observed in the hydrogen molar concentration
by changing the grid size. This variation in hydrogen molar concentration becomes less
as the grid gets finer. The average variation of less than 1.5% is obtained between the
values of Grid-3 and Grid-4. Thus, Grid-3 is selected for the subsequent simulations.

Figure 2.12 Fluid te m p eratu re ve rsu s the grid size
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Figure 2.13 Hydrogen molar concentration versus the grid size
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CHAPTER 3: ZINC OXIDE REDUCTION STEP
This chapter covers the investigation of zinc oxide reduction step. Two major analyses
were conducted for the reduction step. First, is a parametric study to assess the effect of
various operating parameters on the zinc oxide fractional conversion. Second, is the
investigation of different solar receiver/reactor configurations to understand the impact
of flow and temperature fields on the zinc oxide fractional conversion. Finally, an
optimal receiver design is proposed based on these observations.
Throughout this analysis, the efficiency of the reaction is evaluated based on the zinc
oxide fractional conversion expressed in terms of the percentage as,

ZnO conversion^ ) = miniet mex* x 100
Tninlet

(3.1)

Where, thexit refers to the mass flow rate of zinc oxide at the exit, and miniet refers to
the mass flow rate of zinc oxide injected into the receiver.
In this chapter, the magnitude and distribution of fluid temperature, velocity, and zinc
gas (produced during the reduction reaction of zinc oxide) inside the receiver is
presented in the form contours at one vertical and various horizontal planes inside the
receiver. The vertical plane inside the receiver is centrally located i.e. it is located on the
axis of the cylindrical receiver.
planes inside the receiver.

Figure 3.1 shows the position of various horizontal

ii

Receiver bottom surface
Figure 3.1 Location of various horizontal planes inside the receiver. The distance is
measured from the bottom surface of the receiver.

3.1 Parametric analysis
After a thorough examination of the zinc oxide reduction step, it was found that there
were few operational parameters which can be varied to assess their effect on the
reduction step. In this analysis, the receiver geometry was kept fixed (the impact of
receiver geometry was investigated in a separate analysis). The receiver geometry used
in this analysis is shown in figure 3.2. It consists of a cylinder 20 cm in diameter and 30
cm long. The receiver has a tangential inlet pipe and a tangential outlet pipe (both 3 cm
in diameter) located at the lower and upper end of the cylinder, respectively (see figure
3.2). The temperature distribution that was applied on the receiver wall as the thermal
boundary conditions was taken from the study of Wang [2010], and it is shown in
figure 3.2. It should be noted that Wang [2010] considered the argon gas inlet velocity
of 0.1 m/s. When this velocity was implemented in the present simulations with the
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given temperature distribution, the zinc oxide conversion was evaluated to be 100%.
This would not allow to conduct an effective parametric study on the reduction step.
Therefore, we decided to increase the inlet velocity so that the zinc oxide fractional
conversion would be in the range that will allow us to conduct a meaningful parametric
analysis. We are aware that the temperature magnitudes used from Wang [2010] does
t\ot ccKtespcmd to this Inlet velocity but they provided the realistic temperature

distribution on the receiver wall. After trying different values, the inlet velocity of 0.35
m/s, which corresponds to argon flow rate of 3.99 x 10'4 Kg/s, was chosen to conduct
the parametric analysis. The inlet temperatures of both argon gas and zinc oxide
particles were kept at 298 K. The parameters that were altered during the analysis
include inlet mass flow rate of the argon gas, zinc oxide particle diameter, zinc oxide
flow rate. For all simulations, the zinc oxide mass flow rate and the particle diameter
were kept at 1 x 10'6 Kg/s and 1 micron, respectively, except for the simulations where
these parameters were varied to observe their respective effect.
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Figure 3.2 Temperature distribution on the receiver wall [Wang, 2010] (color bar is in
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Before analyzing the impact of different parameters, it is important to have a better
general insight into the dynamics of the underlying physical processes under the
reference conditions described above. Figure 3.3 shows the contours of the flow
velocity field in vertical and various horizontal planes inside the receiver, along with the
pathlines. Figure shows the swirling flow of argon in the bottom plane of the receiver
due to its injection through a tangential inlet. It can be observed from the pathlines that
this swirling flow gradually weakens due to the effects of buoyancy, which results in an
upward motion of fluid near the receiver wall. Overall, the flow velocities are
significantly higher in magnitude in the vicinity of the receiver wall compare to the
central portion of the receiver except at the inlet and outlet heights, where the
velocities in the centre of the horizontal planes are relatively high compared to other
heights.
Due to the endothermic nature of the reaction, the transfer and distribution of heat
inside the receiver is very important for the higher conversion of zinc oxide. The heat
source in this geometry is the high heat flux at the receiver wall due to the concentrated
solar radiation incident and absorbed by the receiver wall. The high fluid velocities in the
peripheral region of the receiver play an important role in controlling the rate of heat
transfer from the wall and heat distribution in inner domain of the receiver. These high
velocities in the vicinity of the high temperature wall reduce the thickness of the
thermal boundary layer at the wall and thus, enhance the heat transfer rate and also
contribute to the mixing. Figure 3.4 shows the temperature contours of the argon gas
inside the receiver at vertical and different horizontal planes. The results show that that
the temperature of argon gas raised very sharply inside the receiver due to the higher
heat transfer rate. Within the inlet plane, the gas temperature increased from 300 K to
about 1100-1200 K. At the mid height of the receiver, the average gas temperature
reached about 1800 K. The temperature field of the argon gas in the upper one-third of
the receiver is about 2000 K and is almost uniform. The uniform temperature field in
different horizontal planes is an indication of the good flow mixing.
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The concentration contours of zinc gas produced during the reduction reaction are
presented in figure 3.5 at vertical and different horizontal planes. The results clearly
demonstrate the influence of flow dynamics on the zinc oxide conversion. The plots
show that the conversion rate enhanced significantly in the upper half region of the
receiver where the argon gas temperature exceeded 1800 K. Another interesting
observation is that in the lower region, where the zinc oxide conversion is low, the zinc
gas concentration is almost uniform in the horizontal planes. However, with an increase
in height, the zinc gas formation is concentrated in the inner region of the receiver and
this effect became more significant with height. The temperature contours in figure 3.4
show that with an increase in height, the temperature field became almost uniform
which indicates that the concentration of zinc gas in the central region is not due to the
temperature distribution. The plausible explanation for this zinc gas formation pattern is
the argon gas flow pattern. As argon is the carrier gas for zinc oxide, higher gas
velocities in the outer region caused short resident time for the zinc oxide particles
which affected their conversion rate. In the central region, the low gas velocities
allowed longer resident time for zinc oxide particles which resulted in the higher
conversion rate. The results in figures 3.3, 3.4 and 3.5 demonstrate that the dynamics of
the flow and temperature fields has a substantial influence on the formation of zinc gas
inside the receiver and therefore, an improved knowledge of the fluid dynamical and
thermal behavior of the working fluid is vital to improve the receiver design.
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3.1.1 Variation of carrier gas (argon) mass flow rate
The mass flow rate of the carrier gas (argon) was varied to observe its impact on the
conversion of zinc oxide. The results are presented in figure 3.6. The plot shows that the
zinc oxide fractional conversion decreases with an increase in the mass flow rate of
argon. This observation is consistent with the results of Perkins and Weimer [2007],
The inverse relation between the mass flow rate of argon and zinc oxide fractional
conversion can be explained by examining the variation of the average fluid
temperature inside the receiver by changing the argon mass flow rate. The results are
given in figure 3.7. The plot shows a reduction in the fluid temperature with increasing
the mass flow rate of argon. Since the zinc oxide conversion is directly proportional to
the temperature [Perkins et al., 2008], a reduction in the fluid temperature results in the
decrease of zinc oxide fractional conversion. The reason of the reduction in fluid
temperature with increasing the mass flow rate of argon can be found by examining the
variation of the average fluid velocity inside the receiver by varying the argon mass flow
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rate. The results are presented in figure 3.8. As expected, the plot shows an increase in
the average fluid velocity with increasing the mass flow rate of argon. This increase in
fluid velocity results in the reduction of the average fluid temperature. Furthermore, the
increase in average fluid velocity also decreases the residence time of the zinc oxide
particles, which allows less time for the particles to undergo the reduction reaction,
thus, lowers the zinc oxide conversion rate. Thus, as a conclusion it can be stated that an
increase in the mass flow rate of the carrier gas decreases the fractional conversion of
the zinc oxide by decreasing the gas temperature as well as the particle residence time.

Figure 3.6 Mass flow rate of argon versus zinc oxide fractional conversion

Average fluid temperature (K)
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Average fluid velocity (m/s)

igure 3.7 Mass flow rate of argon versus average fluid temperature

Figure 3.8 M ass flo w rate o f argon ve rsu s average fluid velo city
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3.1.2 Influence of Zinc oxide particle diameter
The particle diameter of zinc oxide was varied to observe its effect on the zinc oxide
fractional conversion. Figure 3.9 shows the zinc oxide fractional conversion as a function
of the zinc oxide particle diameter. The results show that the zinc oxide fractional
conversion increases with a decrease in the zinc oxide particle diameter, which is
consistent with the previous observations (Abanades et al. 2007; Perkins and Weimer
2007). The results also indicate that the relationship between the fractional conversion
and the particle diameter is nonlinear. It is observed that the sensitivity of the zinc oxide
fractional conversion with respect to the zinc oxide particle diameter decreases with a
decrease in the particle diameter. For example, a decrease in particle diameter from 0.7
|0.m to 0.4 fim increased the fractional conversion of zinc oxide by about 18% while; an
increase in the particle diameter from 0.9 |im to 1.1 |^m decreased the fractional
conversion by about 70%. The results also show that the fractional conversion became
almost negligible for the particle diameter greater than 1.2 (im, while reducing the
particle diameter to less than 0.4 |im would not increase the fractional conversion any
further. These results suggest that for higher conversion, the zinc oxide particle
diameter should be kept around 0.4-0.5 (im.
The increase in zinc oxide conversion with decreasing particle diameter can be explained
by the following reasons. First, the zinc oxide reduction is a surface reaction i.e., it
occurs on the surface of the particles. For the given amount of zinc oxide, the total
surface area of the particles increases with decreasing particle diameter. Thus, more
reduction reaction occurs with increasing particle surface area [Abanades et al., 2007].
Another explanation for this inverse relation can be found by examining the relationship
between the velocity of fluid inside the receiver and the zinc oxide particle diameter, as
shown in figure 3.10. The plot shows that at small diameter, particles do not have any
influence on the fluid velocity however, as the particle diameter increases, they
contribute to an increase in the fluid velocity, and the trend is almost linear. As
discussed in the previous section, an increase in fluid velocity results in a decrease in the
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temperature as well as the particle residence time, thus, lowering the zinc oxide
conversion rate. Thus, with an increase in the particle diameter, three factors cause a
reduction in the conversion rate which are, (i) reduced total surface area of the
particles, (ii) lower temperature, and (Mi) shorter particle residence time. As all three
factors increases with an increase in the particle diameter, their combined effect results
in a sharp decrease in the fractional conversion. On the other hand, at small particle
diameters, the fluid velocity remains the same and thus, the fluid temperature and the
particle residence time. Therefore, the only factor that influences the conversion rate is
the total particle surface area which resulted in a gradual increase in the fractional
conversion when the particle diameter is reduced in the small particle diameter range.
This is the reason why the fractional conversion is more sensitive to the particle
diameter in the larger particle diameter range and less sensitive in the smaller particle
diameter range as observed in figure 3.9.

Figure 3.9 Zinc oxide particle diameter versus zinc oxide fractional conversion
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Figure 3.10 Zinc oxide particle diameter versus average fluid velocity

3.1.3 Influence of Zinc oxide mass flow rate
The mass flow rate of zinc oxide (mZno) was also varied to observe its effect on the zinc
oxide fractional conversion. The results are presented in figure 3.11, which show that
the mass flow rate of zinc oxide particles has a significant effect on the conversion of
zinc oxide. However, the trend is opposite to that of the particle diameter, i.e., the
fractional conversion of zinc oxide increased with an increase in the zinc oxide mass flow
rate, which is consistent with a previous study [Abanades et al., 2007].
To explain the relation between zinc oxide conversion and mZno, the variation of the
average fluid temperature inside the receiver due to the change in mZno is presented in
figure 3.12. The plot shows that at low mass flow rates of zinc oxide, the fluid
temperature variations are small, however, the fluid temperature started to increase as
the mass flow rate of zinc oxide gets higher. This increase in fluid temperature is due to
the decrease in the average fluid velocity (not presented here). The lower fluid velocity
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(longer particle residence time) and the higher temperature contribute to a higher
fractional conversion of zinc oxide.

Figure 3.11 Zinc oxide mass flow rate versus zinc oxide fractional conversion

Figure 3.12 Zinc oxide mass flow rate versus average fluid temperature
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3.1.4 Miscellaneous observations
Apart from the parameters mentioned earlier, some other parameters were also varied
to observe their effect on the zinc oxide fractional conversion. First, the inlet
temperature of zinc oxide particle was varied from 300 K to 1000 K. However, it did not
produce any apparent change in the zinc oxide fractional conversion. The insensitivity to
the particles' inlet temperature can be explained by the fact that the temperatures of
particles, when they are injected into the receiver, change rapidly to the fluid
temperature, which increase rapidly to very high value. For example, the fluid and
particle temperature increased to over 1000 K within the injection plane inside the
receiver (see figure 3.4). Thus, the initial particle temperature becomes insignificant.
The zinc oxide conversion as a function of receiver wall temperature was not
investigated. Because, from the previous discussion it can be deduced that high receiver
wall temperatures will produce high conversion of zinc oxide and vice versa.
The temperature of gaseous mixture exiting from the receiver is vital from different
aspects. If the exit temperature of gaseous mixture is above 800-900 K, then it can be
utilized in the second step of ZnO/Zn thermo-chemical cycle, to maintain the second
reactor temperature around 1000 K. The exit temperature of gaseous mixture is also
important in determining the amount of quenching required to avoid the recombination
of zinc and oxygen. The gaseous mixture temperature as a function of zinc oxide
fractional conversion (obtained by varying zinc oxide particle diameter) is presented in
figure 3.13. The plot shows gaseous mixture temperature of over 1800 K for the entire
range of zinc oxide conversion. Furthermore, it was also found that the gaseous mixture
leaving the receiver contained argon by more than 99% on mass basis. Thus, this high
temperature gaseous mixture, majority of which is composed of argon, can be utilized in
the hydrolysis step to maintain high temperature in the reactor. The plot also shows a
decreasing trend of the gaseous mixture exit temperature as the zinc oxide fractional
conversion increases. This trend can be explained by the fact that with the decrease in
zinc oxide fractional conversion, more particles, which are at very high temperature, exit
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the receiver without undergoing the reduction reaction, thus, increasing the
temperature of the gaseous mixture.

Figure 3.13 Exit temperature of gaseous mixture versus zinc oxide fractional conversion

3.2 Different receiver configurations
The preceding section was focused on the investigation of the impact of different
operating parameters on the fractional conversion of zinc oxide. In the present section,
the focus is on the investigation of the impact of flow geometry on the zinc oxide
fractional conversion. This issue is very crucial from the designing aspect of the solar
receiver/reactor. The impact of flow geometry was investigated by modifying the inlet
and outlet configurations of the receiver, which changes the flow dynamics inside the
receiver. The overall shape and size of the receiver were kept the same i.e. cylindrical
receiver 20 cm in diameter and 30 cm long. Six different configurations were considered
which are illustrated in figure 3.14. Case 1 configuration is the same as one used in
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previous section of the parametric study. Case 2 and 3 utilizes an axial tube protruded
into the receiver to introduce the flow of argon and zinc oxide particles into the
receiver. The length of this inlet tube for case 2 and case 3 was 15 cm (50% of the
receiver length) and 22.5 cm (75% of the receiver length), respectively. In both of these
configurations, the flow exited from an annulus outlet located at the top surface of the
receiver. The diameter of the tubular inlet was kept as 3 cm, while the diameter of the
outlet was calculated in a manner that the inlet and outlet (annular) areas were equal.
Case 4 utilizes a tangential inlet located at the lower end of the receiver, and an outlet
located at the top surface of the receiver. The diameters of both inlet and outlet were
kept at 3 cm. Cases 5 and 6 have tangential inlets and outlets similar to case 1. However,
for these configurations, the inlet and outlet face the opposite directions. For case 5, the
inlet is located at the upper end of the receiver, and outlet is located at the lower end of
the receiver. Whereas, for case 6, the inlet is located at the lower end of the receiver,
and outlet is located at the upper end of the receiver. For both cases, the diameters of
the inlet and outlet were kept at 3 cm.
For all configurations, the inlet velocity and temperature of the argon gas were kept at
0.35m/s (corresponding flow rate of 3.99 x 10'4 Kg/s) and 298 K, respectively. Zinc oxide
mass flow rate and particle diameter were kept at 10'6 Kg/s and 1 micron, respectively.
For each configuration, a temperature distribution was applied on the receiver wall as
the thermal boundary condition. These temperature distributions were obtained from
the study of Wang [2010], and are shown in figure 3.15.
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Case 4

Case 5

Case 6

Figure 3.14 Different inlet/outlet receiver configurations also showing the flow direction
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Figure 3.15 The applied wall temperature distribution for different inlet/outlet
configurations (color bar is in Kelvin) [Wang, 2010]

3.2.1 Analysis of different inlet/outlet configurations
In this section, the effects of different inlet/outlet configurations on the flow behavior,
fluid temperature distribution, and zinc gas concentration (produced by zinc oxide
reduction) inside the receiver are discussed. As the distribution of temperature, velocity,
and zinc gas concentration for case 1 has already been discussed in section 3.1, we start
the analysis with case 2.
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The contours of velocity magnitude for case 2 in vertical and various horizontal planes,
along with the pathlines are shown in figure 3.16. The contours in the vertical plane
show a jet-like behavior at the exit of the inlet pipe. That is, higher velocities in the jet
core which decrease radially as well as axially due to the jet growth. The velocity
contours in various horizontal planes clearly illustrate the jet growth. Higher velocity
magnitudes are also observed in the peripheral region (adjacent to the receiver wall).
This corresponds to the upward velocities to satisfy mass conservation. The pathlines
indicate the axisymmetic flow behavior which is expected in the given geometric
configuration. The velocity magnitudes in the upper half of the receiver were relatively
small. However, high velocity magnitudes are observed near the exit of the receiver. The
flow acceleration in this region is to satisfy mass conservation due to the smaller outlet
area.
The contours of gaseous mixture temperature for case 2 are presented in figure 3.17 in
vertical and various horizontal planes. The results show that the argon and zinc oxide
particle mixture started to heat up within the inlet pipe which is the natural process as
the pipe was not insulated. The temperature rose sharply within a shortly distance after
the pipe exit, to over 1100 K. The temperature continued to grow in both axial and
radial directions and became almost uniform (over 1900 K) in the upper half of the
receiver. The temperature distribution is also found to be axisymmetric.
The concentration profiles of zinc gas are presented in figure 3.18 in vertical and various
horizontal planes. The figure shows axisymmetric distribution of zinc inside the receiver
which is likely due to the axisymmetry in both fluid temperature and velocity
distribution. The results show negligible amount of zinc formation inside the tubular
inlet which is expected as the temperature of zinc oxide inside the tube is not high
enough to start considerable reduction reaction. Uniform distribution of zinc is observed
in the lower half of the receiver although the concentration is lower than the peak
concentration. In the upper half of the receiver, the zinc concentration in the peripheral
region remained the same as in the lower half but the zinc concentration started to
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increase towards the inner region. In the upper half of the receiver, the zinc
concentration almost doubled in the inner region compared to that in the outer region.
Higher temperature and lower velocity magnitude (higher particle residence time) led to
the higher zinc formation in this region.
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Figure 3.18 Case 2: Contours of zinc gas concentration at horizontal and vertical planes
inside the receiver (color bar in Kmol/m3)

The flow behavior inside the receiver for case 3 configuration is presented as velocity
contours in vertical and various horizontal planes, along with the pathlines in figure
3.19. The main difference between case 2 and case 3 is the length of the inlet pipe. In
case 2, the inlet pipe protruded up to half of the receiver length, while in case 3, the
length of the inlet pipe is further increased which resulted in the protrusion up to threequarters of the receiver length. The velocity contours show the typical jet behavior at
the pipe exit. The velocity magnitude at the pipe exit is about 20% higher than that in
case 2. Due to the longer pipe length, the jet was impinging on the bottom surface of
the receiver, resulting in higher velocities in the bottom plane which extended along the
side walls in the upward direction as observed from the pathlines. The flow was
axisymmetric throughout the receiver. The results in figure 3.19 also indicate that the
higher flow velocities were restricted to the lower one-quarter of the receiver, which is
the region influenced by the jet flow. In the upper three-fourth of the receiver, the
velocity magnitude is relatively low.

74

The fluid temperature contours for case 3 in vertical and various horizontal planes are
depicted in figure 3.20. The figure shows a considerable heating of the argon and zinc
oxide mixture inside the inlet pipe compared to case 2, which is likely due to its longer
length. The average mixture temperature reached over 800 K at the exit of the pipe. The
results also show stronger temperature gradients downstream of the jet as compared to
that in case 2, and the temperature reached over 1700 K at the height equal to onequarter of the receiver's length from the bottom. For comparison, the average
temperature at this height was about 1450 K for case 2. The average fluid temperature
in case 3 configuration is about 100 K higher than that in case 2 configuration.
The zinc concentration contours for case 3 are presented in figure 3.21. The results
show an overall increase in the zinc concentration compared to that in case 2. The peak
zinc concentration in case 3 is about 30% higher than that in case 2. Two factors that
contribute to the higher zinc oxide conversion are the overall high temperature and
overall low velocity. The zinc concentration maps show higher zinc concentration in the
regions with low velocity and high temperature. Similar to the previous case, these
regions are located in the upper central portion of the receiver. The results presented in
figures 3.19-3.21 indicate that the inlet pipe has a considerable influence on the
efficiency of the reaction.
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Figure 3.22 shows the pathlines along with velocity contours for case 4 in vertical and
horizontal planes. In this configuration, the flow entered from a tangential inlet at the
bottom and exited from an opening in the middle of the upper wall (see figure 3.14).
The velocity plots show the swirl motion induced by the tangential inlet in the bottom
plane of the receiver. Asymmetry in the flow is observed in the lower region which is
likely due to a single tangential inlet but the flow became relatively axisymmetric in the
upper half of the receiver. In comparison with case 1 where both inlet and outlet are
tangential, the results show that the average velocities are relatively higher in the
bottom and middle regions in case 4 configuration, whereas, in the top region, the
velocities are relatively higher in case 1 configuration. The increase in velocity in the top
plane for case 4 is likely due to the presence of the outlet in the central of the upper
wall, where the flow accelerates from all sides.
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The temperature contours for case 4 are shown in figure 3.23. The results show a
gradual increase in the fluid temperature with height similar to that in case 1 (see figure
3.4). However, the average fluid temperature in case 4 configuration is almost 100 K
lower than the average fluid temperature in case 1. Although the overall velocity field in
the receiver domain is quite comparable to that in case 1, this temperature reduction in
the fluid temperature can be explained based on the wall temperature distribution
(obtained from Wang, 2010), which is different for case 1 and case 4. The wall
temperatures for case 4 are relatively lower than that for case 1 (see figure 3.15). This
difference in the wall temperatures is due to the presence of the outlet at the top
center of the receiver wall. As the solar radiation entered the receiver from the aperture
located at the center of the bottom wall, considerable amount of solar radiation directly
hit the center of the top wall and if this region is closed (as in case 1), it results in an
increased wall temperature of this region relative to the other regions i.e. a local
hotspot (see case 1 in figure 3.15). In this case, a portion of the radiation absorbed by
this central region is transferred to other sections of the wall through conduction, and
the fraction of radiation reflected and emitted by this region is incident and absorbed on
the cylindrical wall and thus, increases the wall temperature. However, when the exit is
located at the center of the upper wall, this radiation exits through the outlet and
resulted in relatively lower wall temperatures.
Figure 3.24 shows the contours of the zinc concentration for case 4. Although the zinc
concentration patterns in case 4 are similar to that in case 1, the magnitudes are
significantly lower than that for case 1. This issue is discussed later.
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The velocity contours for case 5 in vertical and various horizontal planes along with the
pathlines are shown in figure 3.25. Case 5 configuration also has the tangential inlet and
outlet however, two main differences between case 1 and case 5 are (i) the inlet is
located at the upper end and the outlet is located at the bottom end in case 5, which is
opposite to that in case 1, and (ii) the orientation of both inlet and outlet in case 5 is set
is a way that the flow does not follow the helical pattern at the exit, while in case 1, the
flow follows the helical pattern. Results show that the fluid tends to descend along the
receiver wall shortly after its injection from the top inlet and the velocity magnitude
increased as the flow descends from the inlet to the outlet. The velocity field inside the
receiver is not axisymmetric about the central axis of the receiver. Unlike the velocity
distribution in case 1, where the large velocities are observed along the wall with very
weak flow in the central region, the velocity contours for case 5 show a mixture of high
and low velocities both in the central region as well as in the peripheral region. This
indicates a good mixing of flow between the inner and outer regions (also evident in
pathlines). As the heat is transferred to the fluid from the wall, a good mixing in the
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inner and outer regions indicates more efficient heat transfer which enhances the fluid
temperature. This effect is clearly evident in the contours of the fluid temperature for
case 5 in figure 3.26. The results show very high fluid temperatures (greater than about
1700 K) throughout the domain except for some local spots.
The concentration contours of zinc for case 5 are shown in figure 3.27. The results show
high concentration of zinc compared to other cases, particularly in the upper region of
the receiver. However, the concentration is considerably low in the exit plane. This
trend is quite different from that observed at other configurations where the zinc
concentration increased towards the exit. The low zinc concentration in the exit plane
for case 5 is likely due to the strong direct flow from the inlet towards the bottom plane
(see pathlines) which does not provide enough residence time for the zinc oxide
particles to undergo effective conversion. The higher zinc concentration in the upper
region of the receiver appears to be trapped in that region by this strong direct flow and
thus, being obstructed from exiting the receiver.
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Case 6 is the same geometric configuration as case 5 except that the inlet and outlet are
switched. That is, in case 6, the inlet is at the bottom and the outlet is at the top. From
this aspect, it is similar to case 1 but the orientation of the outlet is different in case 1
and case 6. The velocity contours for case 6 along with pathlines are presented in figure
3.28. The plots show velocity behavior and magnitude similar to that in case 1. However,
the asymmetry in the velocity distribution in the lower section of the receiver is more
significant in case 6 compared to case 1 but less significant than that in case 5. The
corresponding temperature contours in figure 3.29 also show behavior and magnitudes
similar to that in case 1. These results indicate that the orientation of the outlet does
not have a significant effect on the thermo-fluid behavior inside the receiver. Although
the results for case 5 suggest that changing the inlet and outlet location could have a
significant impact on the thermo-fluid behavior inside the receiver. The contours of zinc
concentration are presented in figure 3.30. The contours show a pattern similar to that
in case 1 but the concentration magnitude is less than that in case l.The reason for this
low concentration magnitude of case 6 is discussed later. The zinc concentration at the
exit in case 6 is about 40% of that observed at the exit in case 1.
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3.2.2 Comparison of different inlet/outlet configurations
In the preceding section, the thermo-fluid behavior in different receiver configurations
was presented and discussed along with its impact on the zinc concentration. These
results show that the regions with high zinc concentration are those with higher
temperatures and lower flow velocities (i.e. longer particle residence time). From
practical perspective, the effectiveness of any receiver configuration can be assessed
based on the zinc yield at the exit of the receiver because this is the amount of zinc that
is practically obtained from the receiver. It should be noted that the zinc concentration
may be high inside a particular receiver configuration, but the effectiveness of this
configuration would be more meaningful based on the amount of zinc that exits the
receiver. In the following section, the performance of different configurations is
evaluated based on the amount of zinc that exits the receiver. This parameter is
quantified in terms of the fractional conversion of zinc oxide i.e. the ratio of the
reduction in the mass flow rate of zinc oxide at the exit to that at the inlet of the
receiver as mentioned at the beginning of the chapter in equation 3.1. The zinc oxide
fractional conversion for each receiver configuration is summarized in table 3.1.
Inlet/outlet configuration

Zinc oxide conversion (%)

Case 1

57.8

Case 2

70.78

Case 3

81.9

Case 4

3.37

Case 5

78.9

Case 6

36.35

Table 3.1 Zinc oxide fractional conversion of different receiver configurations
The results show that case 3 has the highest zinc oxide fractional conversion, while
case 4 has the lowest zinc oxide fractional conversion. To make a better comparison of
zinc oxide conversion for different receiver configurations, the temperature distribution
inside different receivers was horizontally averaged at different heights and is presented
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in figure 3.31. Except for case 5, the flow for all cases was from bottom towards the top.
The results show that the averaged fluid temperature decreased sharply immediately
above the receiver bottom plane and the gradually increased towards the upper plane.
The reason of this sharp decrease in temperature is due to the fact that fluid adjacent to
the bottom surface of the receiver had temperature very close to the bottom surface of
the receiver due to no-slip condition. Therefore, the fluid temperature at the bottom
surface is very high. But, as the distance increases, the data represents the bulk fluid
temperature at that height which was less than the wall temperature. For case 5, the
temperature remained relatively constant throughout the receiver height and on
average, higher than that for any other case.

Figure 3.31 Horizontally-averaged fluid temperature of different inlet/outlet
configurations
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As discussed earlier, higher fluid temperature in the region close to the exit plane plays
an important role in controlling the amount of zinc exiting the receiver. The significance
of the higher fluid temperature is due to reason that the zinc oxide reduction reaction
starts at a temperature of about 1850 K. To better illustrate this effect, the fluid
temperature contours correspond to 1850 K and higher are presented in figure 3.32.
Earlier results show that case 5 has the highest temperature distribution inside the
receiver as it has the highest wall temperature distribution. But, even with the highest
temperature distribution, it does not have the highest zinc oxide fractional conversion
(see Table 3.1). As discussed earlier in section 3.2.1, this case has a stream of high
velocity from the inlet to the outlet, due to which large number of zinc oxide particles
passes the receiver domain with very low residence time, thus not allowing them to
attain very high temperatures required for considerable zinc oxide conversion,
particularly in the region close to the exit plane as illustrated clearly in figure 3.32. It is
due to this reason that this configuration, despite having the highest overall domain
temperatures, does not have the highest zinc oxide conversion.
Case 4 produced the lowest zinc oxide conversion. In fact, only 3.37% of zinc oxide was
reduced. It can be observed from figure 3.32 that only a small fraction of the receiver
domain close to the upper end has temperatures higher than 1850 K. With such a low
fraction of high temperature required for the reduction reaction, the lowest conversion
of zinc oxide is inevitable.
Cases 1, 2, 3, and 6, have relatively large volume of fluid with temperatures higher than
1850 K in the upper region of the receiver which is closer to the exit. Among these
configurations, Case 3 has the largest fractional area of high temperature, whereas for
the other three cases, the fractional area of high temperature is quite comparable. The
zinc oxide fractional conversion presented in Table 3.1 however, does not show
behavior consistent with the fractional area temperature distribution for these cases
discussed above. That is, despite having similar fractional area of high temperature,
cases 1 and 6 have considerably low zinc oxide conversion that case 2. For example, the
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zinc oxide fractional conversion for case 1 and case 6 are 20% and 50% lower than that
for case 2, respectively. Similarly, although case 3 has relatively higher fractional area of
high temperature but the zinc oxide fractional conversion for case 1 and case 6 are 30%
and 55% lower than that for case 3, respectively. As discussed earlier, the two factors
that influence the reduction reaction are the temperature and the particle residence
time which depends on the fluid velocity. An inspection of the velocity fields for these
cases showed that the velocity magnitude in the region correspond to the high
temperature region in figure 3.32 is lowest for case 3 and then case 2. Therefore, the
combined effect of longer particle residence time and higher temperatures resulted in
the higher zinc oxide conversion in cases 2 and 3.
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Figure 3.32 Temperature contours at vertical plane of different inlet/outlet
configurations (color bar is in Kelvin, absence of color shows that value of parameter is
out of the given range)
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It can be observed from figure 3.31 that case 6 has slightly higher temperature
distribution compared to case 1. However, case 1 has higher conversion of zinc oxide
compared to case 6. The reason for this difference can be found by examining the zinc
oxide particle trajectories (not presented here). It was observed that the average
residence time of zinc oxide particles that were partially reduced was slightly higher for
case 1 compared to case 6, and it has been mentioned previously in section 3.1 that
higher residence time increases the conversion of zinc oxide. Furthermore, due to
comparatively less zinc oxide conversion in case 6 compared to case 1, the zinc
concentration inside the receiver of case 6 is comparatively low compared to that of
case 1.

3.2.3 Comparison of different receiver configurations based on the parametric study
In previous sections, some basic observations were established regarding the
performance of different receiver configurations. However, to comprehensively
evaluate the performance of each configuration, it is necessary to carry out some
further assessment. This section compares different receiver configurations by varying
different parameters such as the inlet velocity of argon gas, zinc oxide mass flow rate,
and zinc oxide particle diameter.
Figure 3.33 shows the performance of receiver configurations at different inlet velocities
of the argon gas. Cases 1, 2, 3 and 6 showed a decrease in zinc oxide fractional
conversion with an increase in the inlet flow velocity. A sharp decline in zinc oxide
conversion was observed for cases 2 and 3 as the inlet velocity increased. As the inlet
velocity increased from 0.32 m/s to 0.35 m/s, the fraction conversion for cases 2 and 3
decreased by approximately 25% and 10% respectively. However, as the inlet velocity
further increased to 0.38 m/s, the fractional conversion dropped drastically by 86% and
97%, respectively. To explain this drastic fall in zinc oxide conversion, the velocity and
temperature contours for case 3 at different inlet velocities are presented in figures 3.34
and 3.35, respectively. It is evident from figure 3.34 that the flow velocity magnitude in
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the periphery of the receiver, along the inlet pipe, and in the vicinity of the exit plane
increased significantly with an increase in the inlet velocity. At the velocity of 0.B8 m/s,
strong flow circulation is observed (see green color contours in figure 3.34c). This
circulation reduced the particle residence time as well as reduced the temperature rise
of the fluid and particles as evident in figure 3.35. It can be observed from the
temperature contours that no significant drop in the temperature distribution occur
when the inlet velocity is increased from 0.32 to 0.35 m/s. However, significant
temperature drop is observed when the inlet velocity is increased from 0.35 to 0.38
m/s. Similar behavior was also observed for the drastic reduction of zinc oxide
conversion for case 2.

Inlet v e l o c i t y of a r gon gas(m/s)

Figure 3.33 Zinc oxide conversion of different inlet/outlet configurations by varying inlet
velocity of argon gas
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The decline in fractional conversion with inlet velocity was less significant for Cases 1
and 6. However, case 1 shows a relative increase in the decline of zinc oxide conversion
with increasing inlet velocity while, case 6 shows a relative decrease in the decline of
zinc oxide conversion with an increase in the inlet velocity. Compared to case 1, the
relative decrease in the reduction of zinc oxide conversion for case 6 is due to
comparatively less increment in the average fluid velocity in case 6 compared to that in
case 1, which ultimately produces less reduction in particle residence time and less
decline in the zinc oxide conversion. For case 1 and case 6, the zinc oxide fractional
conversion decreased by 73% and 60% as the inlet gas velocity increased from 0.32 m/s
to 0.38 m/s. Results for cases 4 and 5 showed very slight decrease in the zinc oxide
conversion with an increase in the inlet velocity, which indicates that the fractional
conversion of zinc oxide is almost independent of the inlet velocity in this particular
range. For case 4, this constant conversion of zinc oxide can be explained by the fact
that the temperature magnitudes inside the receiver of case 4 are so low that any
variation in the inlet velocity does not produce considerable change in the zinc oxide
fractional conversion.
For case 5, no significant change in the zinc oxide conversion is observed in figure 3.33
by varying the inlet velocity of the argon gas. As discussed earlier, the contours of
velocity and temperature for case 5 showed that flow field inside the receiver is already
well mixed and the fluid temperatures are already very high in the receiver at the inlet
velocity of 0.35 m/s. Thus, a 0.03 m/s increase or decrease in the inlet velocity did not
cause a significant change in mixing or the temperature. To further verify this,
horizontally-averaged velocity magnitudes at three inlet velocities were analyzed for
case 5. The results show very slight variation of velocity magnitude, not more than 3.5%
on average, among different inlet velocity cases. This variation is not significant enough
to produce considerable change in the temperature magnitudes inside the receiver.
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Apart from the inlet velocity of argon gas, the zinc oxide particle diameter and mass
flow rate were also varied for different inlet/outlet configurations. However apart from
the numerical value of zinc oxide conversion, the results obtained by varying zinc oxide
mass flow rate and particle diameter came out to be very similar to the ones obtained
by varying the inlet velocity of argon gas. The results obtained by varying zinc oxide
particle diameter and mass flow rate are presented in figure 3.36 and 3.37.
The influence of zinc oxide particle diameter on the zinc oxide fractional conversion in
different receiver configuration is shown in figure 3.36. The results show that overall the
zinc oxide conversion decreased with an increase in the particle diameter which is
consistent with the parametric study presented earlier. The behavior observed in figure
3.36 is similar to that observed for the inlet velocity. Case 5 showed no significant
decrease in the zinc oxide fractional conversion with an increase in the particle
diameter. It is likely due to the reason that the higher temperatures compensated for
the reduction in the effective surface area for the reaction due the increase in the
particle size.
The variation of zinc oxide fractional conversion by changing the zinc oxide mass flow
rate in different receiver configurations is depicted in figure 3.37. The results show an
increase in the zinc oxide conversion with an increase in the zinc oxide mass flow rate in
all configurations which is consistent with the earlier parametric study. The exceptional
behavior is observed for case 4 which showed that when the zinc oxide mass flow rate
increased from lx 10'6 to 2x 106 Kg/s, the zinc oxide conversion increased from 3.4 to
61.6%. To examine this effect, the horizontally-averaged temperature inside the
receiver for given flow rates were analyzed, which showed a gradual temperature
increase of up to 40 K along the length of receiver for the given increase of zinc oxide
mass flow rate. This increment in temperature implies that the fractional volume of the
fluid with temperature above 1850K almost doubled in the latter case compared to that
of the former one, which resulted in a significant increase in the zinc oxide conversion.
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Figure 3.36 Zinc oxide conversion of different inlet/outlet configurations by varying zinc
oxide particle diameter

Figure 3.37 Zinc oxide conversion of different inlet/outlet configurations by varying zinc
oxide mass flow rate
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3.3 O ptim um receiver design fo r zinc oxide reduction

In previous sections, the effect of different parameters and different inlet/outlet
configurations on zinc oxide conversion was investigated. This section discusses the
optimum receiver design based on the different receiver configurations considered in
the previous section and the parametric study conducted earlier in the Chapter.
It can be concluded from the parametric study that the inlet velocity of argon gas, zinc
oxide particle diameter, and zinc oxide mass flow rate have significant impact on the
conversion of zinc oxide. The highest zinc oxide conversion can be obtained by
decreasing the particle diameter and argon gas inlet velocity, while increasing the
particle mass flow rate. Therefore, for the optimum receiver design zinc oxide particle
diameter of 0.4 micron, argon gas flow rate of 3.65 x 104 Kg/s, and zinc oxide mass flow
rate 2 x 106 Kg/s are selected.
Different inlet/outlet receiver configurations were assessed, in section 3.2, from various
aspects to find out the most feasible receiver configuration. In most simulations, case 4
was found to have significantly low zinc oxide conversion. The configurations in cases 2
and 3 are found to be very sensitive to the changes in the argon inlet velocity, particle
diameter and particle mass flow rate, making them unfeasible as the optimum design.
During the parametric variation for case 1, the fractional conversion of zinc oxide
changed by 60%, on average. Similarly, for case 6, the conversion changed by 57%, on
average. Thus, substantial variation in fractional conversion makes both configurations
also unsuitable as the optimum design. Among all cases, case 5 produced consistently
high conversion of zinc oxide. In fact, during the parametric variation, the fractional
conversion of zinc oxide changed by only 7%, on average by changing the argon inlet
velocity, zinc oxide particle diameter and zinc oxide mass flow rate. Therefore, case 5
configuration is selected for the optimum receiver design configuration.
Thus, the optimum receiver design consists of case 5 configuration with the following
operating conditions; argon gas flow rate, zinc oxide particle diameter, and zinc oxide
flow rate equal to 3.65 x 10'4 Kg/s, 0.4 micron, and 2 x 106 Kg/s, respectively. The
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simulation of this optimum receiver design produced almost 100 % conversion of zinc
oxide. The distribution of velocity, temperature, and zinc gas inside the optimum
receiver is presented in figure 3.38, 3.39, and 3.40, respectively.
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Figure 3.38 Optimum receiver design: Contours of fluid velocity at horizontal and
vertical planes inside the receiver, along with the pathlines in the receiver domain (color
bar in m/s)
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CHAPTER 4: HYDROGEN PRODUCTION STEP
In this chapter, a detailed investigation of the hydrolysis process is discussed. The
analysis is comprised of two sections, first, is a parametric study to assess the effect of
various operating parameters on the hydrogen yield. Second, is the investigation of
different reactor configurations to understand the impact of flow and temperature
fields on the hydrogen production. Finally, an optimal reactor design is proposed based
on these observations.
Throughout this chapter, the efficiency of the hydrolysis reaction is evaluated based on
the yield of hydrogen. The yield of hydrogen is expressed in terms of percentage, and is
evaluated by,
H yd rog en yield (% )

=

Hprod

x 100

(4.1)

H-max

Where,
and

Hprod

Hmax

refers to the moles of hydrogen produced during the hydrolysis reaction,

refers to the maximum moles of hydrogen produced if the injected zinc is

completely hydrolysed [Wegner et al., 2006].
s

4.1 Parametric analysis
The parametric study is important from the reactor design point of view. Through this
analysis, the effect of different parameters on hydrolysis process is obtained, which is
then utilized to optimize the reactor design. The parameters selected for this analysis
were zinc particle diameter, wall temperature of the reactor, steam/zinc molar ratio,
argon/steam molar ratio, and inlet temperature of steam, argon, and zinc particles.
The reactor geometry used in this parametric study is shown in figure 4.1. It consists of a
cylindrical reactor 20 cm in diameter and 30 cm long. The reactor has two inlets (one
radial and one tangential) located at the lower end of the reactor. Argon carrying zinc
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particles is injected into the reactor from the tangential inlet, while, the radial inlet is
utilized to inject steam into the reactor. The reactor has a tangential outlet located at
the upper end of the reactor (see figure 4.1). The outlet and both inlets have the same
diameter equal to 3 cm.
The boundary conditions applied to simulate the hydrolysis reaction are as follows. The
mass flow rate of zinc particles was kept at 1.607x106 Kg/s. This mass flow rate of zinc
was obtained from the first step of the zinc oxide reduction, which was carried out in
the optimum receiver configuration in Chapter 3. The mass flow inlet boundary
condition was utilized to inject argon and steam into the domain. No slip hydrodynamic
boundary condition was applied at the reactor walls.
For the reference case, the mass flow rate of steam was evaluated in such manner that
the molar ratio of steam/zinc was equal to 20. Similarly, the mass flow rate of argon was
evaluated in a manner that the argon/steam molar ratio was 10. The temperatures of
both fluid streams (argon and steam) and zinc particles were kept at 500 K. A constant
temperature of 1000 K was applied at the inner surface of reactor as the thermal
boundary condition.

Figure 4.1 Reactor geometry for parametric analysis
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In this chapter, the magnitude and distribution of fluid temperature, velocity, and
hydrogen gas (produced during the hydrolysis reaction) inside the reactor is presented
in the form contours at one vertical and various horizontal planes inside the reactor. The
vertical plane inside the reactor is centrally located i.e. it is located on the axis of the
cylindrical reactor. Figure 4.2 shows the position of various horizontal planes inside the
reactor.

Figure 4.2 Location of various horizontal planes inside the reactor. The distance is
measured from the bottom surface of the reactor.
Before analyzing the impact of different parameters, it is important have a better
general insight into the dynamics of the underlying physical processes under the
reference conditions described above. Figure 4.3 shows the contours of the flow
velocity field (comprised of both steam and argon) in vertical and various horizontal
planes inside the reactor, along with the pathlines. Due to the higher molar ratio of
argon to steam, the flow in the inlet plane dominated by the argon gas which induced
swirl flow. The velocity contours however indicates that the radial steam flow led to the
weakening of the swirling flow and induced significant mixing in the reactor domain

100

(also see pathlines in figure 4.3). The vertical plane data showed relatively strong
velocities in the middle of the reactor which were not present in the pure swirly flow
cases observed in Chapter 3 (i.e. the entire flow was injected from one tangential inlet).
The contours of the gaseous mixture temperature are presented in figure 4.4, which
show very high temperature magnitudes inside the reactor. In fact, the average
temperature of the gaseous mixture is above 950 K, which is very close to the reactor
wall temperature of 1000 K. The reason of this high temperature is the well mixing of
the flow which enhances heat transfer from the reactor wall. Moreover, the
temperatures of argon and steam rose sharply inside the reactor. The temperature of
both streams exceeded 850 K within the inlet plane of the reactor.
The contours of hydrogen molar concentration are shown in figure 4.5. The figure shows
an increase in hydrogen concentration with height which reached maximum in the
upper quarter of the reactor. The velocity plots in figure 4.3 show relatively small
magnitudes in the upper region of the reactor which contributed along with the higher
temperature to the higher hydrogen concentration. The lowest hydrogen concentration
is observed near the steam inlet which is due to lower temperatures and higher
velocities in this region (see figure 4.3 and 4.4).
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4.1.1 Zinc particle diameter variation
Zinc is injected into the reactor in the form of micro-particles. Thus, to observe the
effect of zinc particle diameter on hydrolysis reaction, the diameter of zinc particle was
varied and the results are presented in figure 4.6. It can be observed from the plot that
the diameter of zinc particles has considerable effect on the yield of hydrogen. The
hydrogen yield increased exponentially with a decrease in the particle diameter. Lv et
al., [2010] have also experimentally observed the inverse relation between the zinc
particle diameter and the hydrogen yield. The explanation for this exponential trend can
be provided by the fact that the hydrolysis reaction is a particle surface reaction, that is,
it occurs at the surface of zinc particles. Thus, for a constant mass flow rate of zinc, the
decrease in particle diameter increases the overall surface area for the hydrolysis
reaction, which ultimately results in an increase in the hydrogen yield. In addition to the
increase in the surface area for the reaction, the increase in zinc diameter also increased
the average flow velocity in the reactor (see figure 4.7) which lowered the particle
residence time. Thus, the decrease in the residence time contributed to the reduction
in the hydrogen yield along with the reduction in the reaction surface area, with an
increase in the zinc particle diameter, and vice versa. All these factors contributed to the
exponential relation between the zinc particle diameter and the hydrogen yield. Thus, it
can be concluded that the reduction in zinc particle diameter increases the hydrogen
yield due to the increase in the overall surface area, and the residence time of the zinc
particles. It can be also be observed from figure 4.6 that the particle diameter of zinc
should be kept at least or below 1 pm to obtain the hydrogen yield of around 70% or
more.
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Figure 4.7 Zinc particle diameter versus domain-averaged velocity magnitude of gaseous
mixture
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4.1.2 Reactor wall temperature variation
Hydrolysis reaction is kinetically favorable at temperatures greater than 650 K [Hamed et
al., 2009]. In the present numerical model simulating hydrolysis reaction, the heat
required to increase the temperature of the gaseous mixture is transferred through the
reactor wall which was maintained at a high temperature by implementing a constant
temperature thermal boundary condition. This section discusses the influence of the
reactor wall temperature on the yield of hydrogen. The variation of hydrogen yield as a
function of reactor wall temperature is presented in figure 4.8. It can be observed from
the plot that the increase in the reactor wall temperature increases the yield of
hydrogen. This behavior was also observed experimentally by Melchior et al. [2009],
However, their study was at relatively low temperatures ranging from 573 to 873 K.

The plot in figure 4.8 shows some interesting trends. It shows that the hydrogen yield is
very sensitive to the reactor wall temperature when it is less than 1000 K. This can be
explained by the fact that the evaporation temperature of zinc is also around 1000 K.
Thus, small increase in reactor wall temperature results in significant increase in the
hydrogen yield. Furthermore, it can also be observed from the figure that the yield of
hydrogen becomes relatively insensitive to the reactor wall temperatures as it exceeds
1200 K. This insensitivity can be explained by examining the plot of fluid velocity
magnitude, averaged over the entire domain at different reactor wall temperatures,
presented in figure 4.9. The plot shows almost a linear increase in velocity magnitude
with the wall temperature. In particular, velocity increases by more than 50% when the
reactor wall temperature increased from 1000 to 1800 K. Thus, with an increase in the
fluid velocity, the residence time of zinc particles decreases, which adversely affects the
yield of hydrogen. On the other hand, an increase in the reactor wall temperature
increases the mixture temperature which favors the hydrogen yield. However, this
favorable effect to a certain extent is offset by the reduced particle residence time which
resulted in a reduced sensitivity of the hydrogen yield to the reactor wall temperature.
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It has been suggested previously that the reaction of hydrolysis is favorable at
temperatures below 1490 K [Melchior et al.f 2009]. However, the present results show
some increment in hydrogen yield when the reactor wall temperature is increased from
1500 to 1800 K. This could be due to the reason that in the present numerical model,
hydrolysis reaction rate is modeled using Arrhenius law, which implies that an increase in
the temperature will result in higher rates of hydrolysis reaction and consequently
increased hydrogen yield. The modeling of hydrolysis reaction rate using Arrhenius law
has been previously conducted by Ernst et al. [2009]. Nonetheless, figure 4.8 shows that
the hydrogen yield increased by less than 5% when the reactor wall temperature is
increased from 1500 to 1800 K. Thus, it is evident that even practically it is not feasible
to increase reactor wall temperature above 1500 K, which is somehow consistent with
the suggestion of Melchior et al. [2009].

Figure 4.8 Reactor wall temperature versus hydrogen yield
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Figure 4.9 Reactor wall temperature versus domain-averaged velocity of gaseous
mixture

Hence, it can be concluded that it is not very feasible to increase the reactor wall
temperature to a very high value to obtain maximum yield of hydrogen. As, it can be
observed from figure 4.8 that increasing reactor wall temperature from 1000 to 1800K
resulted in not more than 25% increase in the hydrogen yield. Thus, when it comes to
designing the reactor, it is more viable to obtain hydrogen yield of around 70% by
maintaining the reactor wall temperature to 1000 K.

4.1.3 Steam/zinc molar ratio variation
Since the high yield of hydrogen requires effective mixing of steam and zinc particles, it
is vital to keep the optimum proportion of both species inside the reactor. This section
discusses the variation in hydrogen yield as a function of steam/zinc molar ratio. The
variation in steam/zinc molar ratio was achieved by keeping constant flow rate of
steam, while varying the zinc mass flow rate. The steam/zinc molar ratio was varied
from 5 to 200, however, the results (presented in figure 4.10) do not show any
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significant effect of this ratio on the hydrogen yield. The change in hydrogen yield over
this range is less than 6%. This insensitivity can be explained from the fact that the
variation in zinc mass flow rate does not produce significant changes in the temperature
and velocity distribution inside the reactor, which can be due to the presence of low zinc
mass flow rate compared to that of argon and steam. Furthermore, these results are
also consistent with the experimental study of Wegner et al. [2006]. However, they
varied argon/zinc molar ratio up to 40. Thus, it can be concluded that the reactor
carrying out hydrolysis reaction can be successfully operated for large range of
steam/zinc molar ratios without compromising the yield of hydrogen.

Figure 4.10 Steam/zinc molar ratio versus hydrogen yield

4.1.4 Argon/steam molar ratio variation
The argon/steam molar ratio was also varied to observe its affect on the yield of
hydrogen. The variation in argon/steam molar ratio was achieved by maintaining the
constant flow rate of steam (as it kept steam/zinc molar ratio constant), while varying
the mass flow rate of argon. The argon/steam molar ratio was varied from 5 to 80. The
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results are presented in figure 4.11, which shows inverse relationship between the two
quantities. This observation is consistent with the study of Hamed et al. [2008]. The
inverse relation between the hydrogen yield and argon/steam molar ratio, can be
explained on the basis of the flow velocity and temperature distribution inside the
reactor. As the molar ratio of argon/steam is increased, the flow velocity inside the
reactor also increases, which results in the reduction of zinc particles residence time and
the mixture temperature in the domain. Thus, low flow temperatures along with the
reduced particle residence time resulted in a decrease in the hydrogen yield with an
increase in the argon/steam molar ratio.
Moreover, it can also be observed from figure 4.11 that the sensitivity of hydrogen yield
increased sharply for argon/steam molar ratio less than 20. This increase in sensitivity is
due to the reason that with the reduction in argon/steam molar ratio below 20, the
average temperature inside the reactor increases and approaches the zinc evaporation
temperature. As a result, more hydrolysis reaction occurs which shapely increases the
yield of hydrogen. Therefore, it can be concluded that the argon/steam molar ratio
should be kept equal to or less than 10 to obtain hydrogen yield of around 70% or more.

Figure 4.11 Argon/steam molar ratio versus hydrogen yield
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4.1.5 Variation of steam, zinc, and argon inlet temperatures
As discussed previously, the distribution of temperature inside the reactor has a
significant influence on the yield of hydrogen. In this section, we investigated the
influence of the inlet temperature of the constituents on the hydrogen yield. The
temperature of each constituent i.e. steam, argon and zinc was varied individually. The
inlet temperatures of zinc and argon were varied from 300 K to 1250 K and that of
steam was varied from 400 K to 1250 K. The results are shown in figure 4.12. The plot
shows small change in hydrogen yield for considerable variation in the initial
temperatures of both steam and zinc. The insensitivity of zinc particle initial
temperature on hydrogen yield can be attributed to the fact that the temperature of
zinc particle inside the reactor changes rapidly to the surrounding gaseous mixture
temperature. Thus, any change in the initial temperature of particle becomes
unimportant. In the case of steam, the variation in the inlet temperature is also not
producing considerable change in the hydrogen yield because the flow rate of steam
inside the reactor is low compared to that of argon. If the flow rate of steam is
comparable to that of argon then any change in the initial temperature of steam can
have significant effect on the yield of hydrogen. The results in figure 4.12 however show
a relatively significant influence of argon's inlet temperature on the hydrogen yield. The
higher influence of argon's inlet temperature is due to its comparatively high mass flow
rate inside the reactor. In fact, on mass basis, more than 90% of the gaseous mixture is
composed of argon.
As discussed in section 4.1.2 that hydrolysis reaction is favorable below temperatures of
1490 K [Melchior et al., 2009]. In the present numerical model, a constant temperature
is applied at the wall of reactor to achieve such high temperature. However, from
practical perspective, a heat source will be required to maintain reactor wall at such a
high temperature which means additional energy input into the two-step ZnO/Zn water
splitting cycle. If, in some way, the energy available in the first step of this cycle is
utilized in the second step then the requirement of additional energy input would be
minimal. One way of achieving this objective is to utilize the mixture of argon, oxygen
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and zinc gas exiting from the receiver of the first step. From the simulation results of
zinc oxide reduction (first step), discussed in section 3.1.4, it was found that the gaseous
mixture exiting the receiver contained more than 99% of argon by mass. Furthermore,
the temperature of this gaseous mixture was found to be more than 1800 K. Thus, if
argon can be separated from this gaseous mixture then it can be utilized to maintain
high temperatures inside the reactor.

Figure 4.12 Inlet temperature of various species versus hydrogen yield

In the following, we discussed the feasibility of injecting argon, at high temperatures,
inside the reactor without applying high temperature on the wall of reactor. In the
present numerical model, this condition is achieved by making the reactor wall adiabatic
and injecting argon at high temperature. The simulation results obtained by varying the
inlet temperature of argon are presented in figure 4.13. The plot shows considerable
dependence of hydrogen yield on the initial temperature of argon. Predictably, the
increase in argon inlet temperature results in an increase in the hydrogen yield as soon
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as the argon temperature exceeds 900 K (without heating from the wall). Although the
yield is very sensitive to the argon temperature of about 900 K, but the trends are
consistent and predictable as the argon temperature exceeds 950 K. This relation
between the argon temperature and the hydrogen yield is due to the fact that an
increment in the inlet temperature of argon also increases the overall temperature
magnitude inside the reactor. The high temperature distribution inside the reactor can
also be due to the adiabatic reactor wall which prevents thermal losses. As mentioned
earlier, the high temperature inside the reactor favours hydrolysis reaction which
eventually increases the yield of hydrogen. For argon inlet temperature of 1800 K, very
high yield of hydrogen (more than 90%) is obtained. This high yield of hydrogen
suggests that the hydrolysis reaction can occur inside a reactor by keeping its wall
adiabatic and by injecting argon at high temperatures. It can also be observed from the
plot that even at relatively low inlet temperature of argon (around 1000 K), considerable
yield of hydrogen is obtained. This hydrogen yield of more than 65% at the argon inlet
temperature of about 1000 K has great importance because the process of quenching,
which is conducted to avoid the recombination of zinc and oxygen in the first step, can
significantly reduce the temperature of gaseous mixture exiting the receiver.
Thus, it can be concluded that the reactor carrying hydrolysis process, can be
successfully operated by injecting zinc and steam at temperatures as low as 300 and
400K, respectively, given that the molar ratio of argon/steam is kept 10. For argon, it is
desirable to have its initial temperature of around 500 K. Furthermore, it is practically
feasible to maintain high temperature distribution inside the reactor, and obtain high
yield of hydrogen, by injecting argon at elevated temperatures, even if due to the
quenching process the temperature of argon falls to around 1000 K.
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Figure 4.13 Inlet temperatures of argon versus hydrogen yield

4.2 Reactor configurations

One of the major factor influencing the yield of hydrogen is mixing of steam and zinc
inside the reactor. For high yield of hydrogen, effective mixing of steam and zinc is
required, while at the same time, higher temperatures and higher residence time also
contribute to the higher hydrogen yield. Different reactor configurations are
investigated in this section to find out a feasible reactor configuration. The reactor
configurations were created by changing the inlet and outlet locations and orientations,
in the reactor. The dimensions of the cylindrical reactor for all configurations were kept
same i.e. 20 cm in diameter and 30 cm in length. In this analysis six different reactor
configurations were assessed.
Figure 4.14 shows different reactor configurations used in the study. Case 1
configuration is the same that is utilized in the parametric analysis. It consisted of two
inlets (one tangential and one radial) located at the lower end of reactor, and one
tangential outlet located at the upper end of the reactor. As mentioned earlier, the
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mixture of argon and zinc entered from the tangential inlet and steam entered from the
radial inlet. The diameters of all inlets and outlet are equal to 3 cm. Case 2 configuration
is similar to case 1 with the difference that steam also entered from a tangential inlet
located at the lower end of the reactor. Case 3 consisted of an inlet tube protruded into
the reactor from the center of the top wall, and a tangential inlet located at the lower
end of the reactor. The length of the tubular inlet is three-quarters of the reactor length.
The diameters of both tubular and tangential inlets are equal to 3 cm. The annular
outlet is located at the reactor top wall. The dimensions of the annular outlet were set
in a way that the outlet area is equal to the sum of both inlet areas. Case 4 utilizes
multiple radial inlets to inject argon carrying zinc, and steam into the reactor. Eight
radial inlets were placed at the lower end of the reactor 45° apart. Alternate inlets were
used to inject the mixture of argon and zinc; and steam (see figure 4.14). The diameters
of inlets were set in a manner that the total inlet area to inject argon and steam
remained equal. The outlet in this case is a circular exit located at the top wall of the
reactor. The geometry of case 5 is identical to that of case 3. However, in case 5, steam
is injected through the tangential inlet, and the argon carrying zinc is injected through
the tubular inlet. Lastly, a very simple geometry is selected for case 6, which consisted
of a tangential inlet and a tangential outlet. In this case, mixture of zinc, steam, and
argon is injected through the same inlet. The diameters of the inlet and outlet are equal
to 3 cm.
Identical boundary conditions were applied on each reactor configuration to make the
comparison among them realistic. The reactor wall was kept at a constant temperature
of 1000 K. No slip hydrodynamic boundary condition was applied on the reactor walls.
Zinc was injected into the reactor with particle diameter and mass flow rate of 1 micron
and 1.607

x

106 Kg/s, respectively. The inlet mass flow rate of steam and argon was

kept at 8.856 x 10~6 Kg/s and 1.963 x 10'4 Kg/s, respectively. The inlet temperatures of
zinc, steam, and argon were kept at 500 K.

Figure 4.14 Different reactor configurations of the hydrolysis reactor
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4.2.1 Analysis of different reactor configurations
From the above parametric analysis, it is evident that the yield of hydrogen depends
significantly on the temperature and velocity distribution inside the reactor. Thus,
before making the comparison among different reactor configurations, it is worth
examining the distribution of flow and temperature inside the reactor along with their
impact on the hydrogen concentration inside the reactor. For case 1, the discussion
about velocity, temperature, and hydrogen distributions inside the reactor has already
been made in section 4.1 (case 1 geometry is identical to the one used in the parametric
analysis). Thus, we begin our analysis with case 2.
The velocity and temperature contours inside case 2 reactor are shown in figures 4.15
and 4.16, respectively. The pathlines presented in figure 4.15 show that the tangential
injection of steam is not producing swirling flow inside the reactor as it is opposed by a
strong swirling flow of argon from the opposite direction. It can be observed from the
figures 4.15 and 4.16 that the velocity and temperature distribution inside the reactor
for this case is very similar to that in case 1. The reason for this similarity is that the
argon is injected from the tangential injection in both cases, and since the mass flow
rate of argon is about 10 times higher than that of the steam, the argon flow pattern
dominated the overall flow in both cases, and the orientation of steam inlet became
insignificant in influencing the flow dynamics inside the reactor. Comparison shows that
the patterns of velocities and temperatures inside the reactor are quite comparable in
both reactor configurations, although case 1 showed slightly higher temperatures.
The contours of hydrogen concentration inside the reactor for case 2 are shown in
figure 4.17, which also show similar trends as that in case 1, although the hydrogen
concentration inside the reactor is slightly lower in case 2. The results presented in
figures 4.15, 4.16 and 4.17 suggests that at the higher molar ratio of argon to steam, the
position and orientation of the steam inlet in the bottom plane of the reactor plays an
insignificant role in influencing the velocity, temperature, and thus hydrogen
distribution inside the reactor.
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Figure 4.17 Case 2: Contours of hydrogen gas concentration at horizontal and vertical
planes inside the reactor (color bar in Kmol/m3)

For case 3, the velocity contours along with the pathlines inside the reactor are shown in
figure 4.18. It can be observed from the velocity contours and the pathlines that the
tangential injection of argon is creating strong swirling flow around the tubular inlet
which is dominant throughout the reactor, and the effect of jet produced by the steam
inlet is not very significant. The interaction of jet and swirling flow resulted in weak flow
in the bottom central region of the reactor. The overall flow gradually weakened along
the length of the reactor and finally converged near the exit.
The temperature contours for case 3 are presented in figure 4.19. It can be observed
from the contours that the temperature of argon gas reaches more than 850 K in the
inlet plane of the reactor. Furthermore, the temperature of the tubular inlet and the
steam inside it reached 750 K due to the conductive and convective heat transfer.
However, this heat transfer resulted in relatively lower temperatures of the mixture in
the reactor outside the inlet tube. Temperatures of over 950 K were observed in the
upper region of the reactor.
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The contours of hydrogen concentration are presented in figure 4.20, which show
gradual increase in the hydrogen concentration along the reactor length. Results show
the relative influence of temperature and velocity (residence time) on the hydrogen
concentration. Figure 4.19 shows higher mixture temperatures in the outer peripheral
region near the reactor wall, but higher velocities in this region affected the hydrogen
production. In the inner region, the temperatures are relatively low but the higher
residence time due to low velocities compensated for the temperature effect.
Furthermore, no hydrogen is observed in the tubular inlet because hydrolysis reaction
requires zinc particles which are absent in the tubular inlet.
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Figure 4.18 Case 3: Contours of fluid velocity at horizontal and vertical planes inside the
reactor, along with the pathlines in the reactor domain (color bar in m/s)
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The velocity contours of case 4 are given in figure 4.21 (the horizontal plane close to the
bottom surface is at a distance of 0.75 cm from the bottom surface). It can be observed
from the velocity contours that the injection of argon through multiple radial inlets is
creating a very strong jet in the centre of the reactor, which moves upward along the
central axis of reactor towards the outlet. Very weak flow is observed in the rest of the
reactor which was still influenced by the argon flow and the orientations of the argon
inlets (see the pathlines given in figure 4.21).
The temperature contours of case 4 are presented in figure 4.22, which show
considerably uniform distribution of high temperatures (over 925 K) in the region not
influenced by the strong vertical jet flow. Even the temperature of the central jet, which
has high velocity magnitudes, is more than 800 K. The distribution of hydrogen
concentration inside the reactor is presented in figure 4.23. The results show a gradual
increase in hydrogen concentration along the length of reactor. However, in a given
horizontal plane, the hydrogen concentration gradually increased radially due to the
decrease in velocity and increase in temperature. The plots also shows higher
concentration of hydrogen in the peripheral region at the top of the reactor which
appeared to be trapped in that region by the strong jet.
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Figure 4.21 Case 4: Contours of fluid velocity at horizontal and vertical planes inside the
reactor, along with the pathlines in the reactor domain (color bar in m/s)
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The contours of velocity for case 5 are presented in figure 4.24. The geometrical
configuration in this case is identical to case 3. The only difference is the switching of
the argon and steam inlets, i.e., in case 5, argon entered from the tubular inlet and
steam entered from the bottom tangential inlet. The contours of velocity show
significantly different flow pattern compared to that in case 3. Since the argon entered
from the tubular inlet, it formed the jet flow pattern, unlike in case 3, where it formed a
strong swirl flow pattern due to the tangential inlet. The velocity vectors (not presented
here) show that the flow of argon carrying zinc enters the reactor at high velocity of
more than 0.4 m/s, and impinged the bottom surface of the reactor, which resulted in
the formation of strong vortices in the bottom portion of the reactor as can be observed
from the pathlines given in figure 4.24. The higher dissipation of the jet kinetic energy
due to the impingement resulted in low velocities in the upper region of the reactor.
The tangential injection of steam has no considerable effect on the flow. However, it
creates slightly higher velocity magnitudes near the tangential inlet of the reactor.
The temperature of gaseous mixture inside the reactor of case 5 is presented in figure
4.25. The plots show relatively low temperatures in the bottom portion of the reactor
due to high velocity magnitudes. However, the temperature of gaseous mixture
increases along the length of reactor due to the decrease in velocity magnitudes. In this
case, the average surface temperature of tubular inlet falls by more than 110 K
compared to that of case 3. This significant drop in the surface temperature is due to
the high mass flow rate of argon which absorbs heat from the tubular inlet surface. As a
result of comparatively low tubular surface temperature, the fluid around the tubular
inlet also remained at low temperature. Inside the tubular inlet, no significant rise in the
temperature of argon is observed due to its high mass flow rate.
The contours of the hydrogen concentration inside the reactor are presented in figure
4.26, which shows trends of hydrogen distribution similar to the ones obtained in
case 3. This similarity includes, increase in hydrogen concentration along the length of
reactor, and no formation of hydrogen inside the tubular inlet. However, high
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concentration of hydrogen is observed around the upper outer surface of the tubular
inlet.

I
I
4.00c-01
3.80C-01

3 60c-01

3 40C-01

320c-01

3 00C-01

2.80C-01
2 60C-01

2.40c-01

2.20C-01
200C-01

1 80e 01
1 60C-01

1 40c-0l

1 20C-0I

100c-01

8 00c 02

6 00c-02

4 00c-02
2 OOc-02

0 00c «-00

Figure 4.24 Case 5: Contours of fluid velocity at horizontal and vertical planes inside the
reactor, along with the pathlines in the reactor domain (color bar in m/s)
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The velocity and temperature fields inside the reactor for case 6 are presented in figure
4.27 and 4.28, respectively. The examination of both plots revealed that the distribution
of velocity and temperature inside the reactor is very similar to that of case 1. The
reason of this similarity is the fact that in both cases, argon entered the reactor from the
tangential inlet which dominated the overall flow and temperature patterns inside the
reactor. However, unlike case 1, the strong swirling flow in this case is not opposed by
any other flow as observed from the pathlines presented in figure 4.27. The contours of
hydrogen concentration are presented in figure 4.29. Similar to velocity and
temperature, the concentration plot of hydrogen also show similarity to that of case 1.

125

4.00« 01
3 60«-01
3.60«01
3.40«-01
3.20«-01

3.00e-01
2 80e-0i
2.600-01
2.40«-01

2 .20«-01
2 .00«-01

i.so«-oi
1 60e -0 l
1 40e-01

1.20C-01
l.00e-01
8 00«-02

6.00«-02
4.00«-02

2.00«-02
0 00e »00
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4.2.2 Comparison of different reactor configurations
The yield of hydrogen obtained from different mixing configurations is summarized in
Table 4.1. It can be observed from the table that cases 1, 2, 3, and 6 have very similar
yields of hydrogen. In fact, the difference between the hydrogen yield of case 1 (highest
among all the cases) and case 2 is less than 5%. The reason for this similar yield of
hydrogen among these cases is the same inlet configuration of argon i.e. the tangential
inlet at the bottom, which dictated the flow inside the reactor.
M ixing con figu ratio ns

H2 yield (%)

Case 1

69.52

Case 2

64.85

Case 3

66.63

Case 4

52.0

Case 5

60.03

Case 6

65.9

Table 4.1 Hydrogen yield of different mixing configurations
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The hydrogen yield of case 2 is slightly less than that of case 1, although both cases have
almost similar geometric configuration. For case 2, the reason of this lower hydrogen
yield can be explained by examining the horizontally averaged temperature of gaseous
mixture presented in figure 4.30. In general, the plot shows slightly lower temperatures
for case 2 compared to case 1, and it has been mentioned previously that the hydrogen
yield is directly proportional to the temperature. The reason of this slightly lower
temperature is the tangential injection of steam from the opposite side into the reactor
which slightly opposes the swirling flow of argon. Thus, as a result, slightly less mixing
occurs inside the reactor which reduces the temperature of the gaseous mixture.
For case 6, it was expected that the introduction of argon, steam, and zinc through the
same inlet will enhance mixing of zinc and steam, and will produce more yield of
hydrogen compared to case 1. However, the hydrogen yield for case 6 is less than that
for case 1, which can be explained by the following reason. It can be observed from
figure 4.30 that the average gaseous mixture temperature of case 6 is slightly lower
compared to that of case 1. The slightly low temperature of case 6 is due to the increase
in velocity of the swirling flow, which can be attributed to the increase in the initial mass
flow rate of the mixture as both argon and steam are injected through the same inlet.
Thus, slight increase in velocity results in the reduction of zinc particles' residence time
which affected the yield of hydrogen.
Cases 3 and 5 have similar geometric configuration. Slightly higher hydrogen yield is
observed for case 3 compared to case 5. However, it was found that the average
velocity magnitude of the gaseous mixture in case 5 is 30% lower than that of case 3.
This difference in results is explained in the following. The inspection of the zinc
particles' trajectories for case 5 (not presented here) revealed that most zinc particles
exiting the tubular inlet, move towards the outlet without significant mixing, which
reduces their residence time despite low fluid velocities, and which ultimately results in
low yield of hydrogen. Furthermore, comparatively low concentration of steam was
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observed away from the tangential inlet, which hinders the effective mixing of steam
and zinc that is crucial for the higher hydrogen yield.
Among all cases, case 4 has the lowest yield of hydrogen which can be attributed to the
following reasons. It can be observed from figure 4.30 that for case 4, the horizontallyaveraged temperature remained almost constant throughout the reactor with the
temperature of about 950 K, except the inlet plane. This temperature is comparatively
less than that for cases 1, 2 and 6 in the upper region of the rector. Thus, this low
temperature contributes to the reduction in the hydrogen yield. Another factor which
contributes to the reduction of hydrogen yield in this case is the residence time of zinc
particles. As mentioned previously in section 4.2.1, for case 4 a very high velocity jet
exits the reactor without significant mixing. Thus, a large number of zinc particles
entrained in the jet were expected to exit the reactor without undergoing the reaction,
which ultimately reduces the overall yield of hydrogen.

Figure 4.30 Horizontally-averaged temperature of gaseous mixture versus reactor length
for different mixing configurations
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Thus, it can be concluded that all mixing configurations produce considerable (above
50%) yield of hydrogen which indicates effective mixing of steam and zinc inside each
reactor configuration. However, case 1 configuration is more feasible because it
produces the highest yield of hydrogen among the configurations considered here.
Furthermore, it has relatively simple geometry from manufacturing point of view.

4.3 Hydrolysis reactor optim um design

This section discusses the optimum configuration of the reactor carrying out hydrolysis
reaction based on the different configurations considered in the previous section and
the parametric study conducted earlier in the Chapter. For considerable yield of
hydrogen, the zinc particle diameter and argon/steam molar ratio should be kept equal
to or below 1 micron and 10, respectively. A wide range of steam/zinc molar ratio can
be utilized in the reactor without compromising the yield of hydrogen. It is feasible to
keep the reactor surface at temperatures of around 1000 K to obtain the hydrogen yield
of 70%. For argon/steam molar ratio of 10, inlet temperatures of steam, zinc, and argon
should be kept around 500 K. With adiabatic reactor surface, hydrogen yield of more
than 65% can be achieved by injecting argon at temperatures of around 1000 K. Apart
from these parametric settings, mixing configuration of case 1 is selected for the
optimum reactor design.
Simulations were conducted for this optimal configuration which resulted in the
hydrogen yield of about 88%. The contours of velocity, temperature and hydrogen
concentration for this configuration and conditions are presented in figures 4.31, 4.32
and 4.33, respectively. It is important here to mention that the parametric values for
this simulation are threshold values of the optimum design. Thus, higher yield of
hydrogen can be obtained if the parameters are set beyond these threshold values.

1
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Figure 4.31 Optimum reactor design: Contours of fluid velocity at horizontal and vertical
planes inside the reactor, along with the pathlines in the reactor domain (color bar in
m/s)
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CHAPTER 5: CONCLUSIONS
This chapter summarizes the major results of each chapter. Some recommendations for
the further research related to ZnO/Zn thermochemical water splitting water splitting
cycle to produce hydrogen are also presented.

5.1 Conclusions

The first chapter of the thesis introduced the research topic and provided the current
state of the knowledge in this area, and motivation and objectives of the present
research work. The focus area of the thesis is the utilization of hydrogen as an energy
carrier to meet the growing energy demand. The specific focus is on the utilization of
clean

and

renewable

solar

energy

for

hydrogen

production.

The

ZnO/Zn

thermochemical water splitting cycle operating with solar energy was considered as the
hydrogen generation method. The literature review showed the lack of threedimensional numerical modeling of both steps of the cycle which is vital for the
optimization of reactor design for both steps through parametric analyses. The
literature also lacks a thorough knowledge of the impact of velocity and temperature
dynamics inside the reactor on the reaction efficiency which is crucial for the reactor
design optimization. Thus, the objectives of the present work are to conduct detailed
parametric analyses and investigate the thermo-fluid dynamics in different reactor
configurations through three-dimensional numerical modeling to optimize the reactor
designs for both steps of the cycle.

The second chapter of the thesis covered the details of the numerical and mathematical
modeling of both steps. The numerical modeling of both steps was conducted in
commercial CFD software FLUENT 6.3. Continuity and momentum equations along with
the turbulence models were utilized to model flow inside the receiver/reactor of each
step. The first step utilized k- s turbulence model, while the second step used k-w
turbulence model. Zinc oxide in the first step, and zinc in the second step was injected
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into the domain in the form of micro-sized particles through discrete phase modeling. In
both steps, argon was utilized as a carrier gas. Both chemical reactions were simulated
by using species transport model through particle surface reaction. The numerical
model of the zinc oxide reduction step was validated with the experimental results of
Perkins et al. [2008], and the hydrolysis step numerical model was validated with the
experimental results of Wegner et al. [2006]. The grid independence of the reduction
and hydrolysis numerical models was achieved by utilizing 330,356 and 239,657 cells,
respectively.

Third chapter was focused on the numerical investigation of the zinc oxide reduction
step. Initially, different process parameters were varied to observe their impact on the
conversion of zinc oxide. The mass flow rate of argon gas and zinc oxide particle
diameter were found to have inverse relation with the conversion of zinc oxide.
Whereas, the increase in the mass flow rate of zinc oxide increased the zinc oxide
conversion. The variation in the initial temperature of zinc oxide particles had no
significant effect on the conversion of zinc oxide. For considerable conversion of zinc
oxide, the diameter of injected particles and mass flow rate of argon should be kept less
than or equal to 0.4 pm and 3.65 x 10 4 Kg/s, respectively, while the mass flow rate of
zinc oxide should be kept 2 x 10'6 Kg/s or more. During the analysis, it was also found
that outlet temperature of gaseous mixture has temperature of over 1800 K for a wide
range of zinc oxide conversion. Furthermore, an inverse relation between the
conversion of zinc oxide and outlet temperature of gaseous mixture was also observed.
This parametric analysis was followed by the analysis of different receiver
configurations. Six different receiver configurations were assessed, by modifying the
position of the receiver inlet and outlet, to find the most feasible receiver configuration.
For cases 2 and 3, the increase in the inlet velocity of argon from 0.35 to 0.38 m/s
dropped the fractional conversion of zinc oxide drastically by 86% and 97%, respectively.
Similarly, cases 1 and 6 also showed considerable drop in the fractional conversion of
zinc oxide during the parametric variation. On average, case 4 produced considerably
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low conversion of zinc oxide (less than 5%) during different parametric conditions.
Among all cases, case 5 produced consistently high conversion of zinc oxide (around
80%) and thus was selected as the optimum receiver design. The optimum receiver
configuration under optimal conditions produced zinc oxide fractional conversion of
almost 100 %.

A detailed numerical analysis of the hydrolysis step was discussed in the fourth chapter.
The parametric study was also conducted for this step. Similar to the first step, an
inverse relation between the yield of hydrogen and zinc particle diameter was observed.
Whereas, the yield of hydrogen increased with the increase in the reactor surface
temperature. The hydrogen yield was relatively insensitive to the steam/zinc molar
ratio. However, the increase in argon/steam molar ratio reduced the yield of hydrogen.
To obtain hydrogen yield of around 70% or more, it was suggested to keep zinc particle
diameter and argon/steam molar ratio less than or equal to 1 pm and 10, respectively,
and maintain the reactor wall temperature at 1000 K. The increase in the inlet
temperatures of steam and zinc did not produce considerable increase in the yield of
hydrogen, but the yield increased with an increase in the argon inlet temperature.
Furthermore, hydrogen yield of above 65 % was obtained by injecting argon at
temperature of around 1000 K (argon at high temperatures can be obtained from
gaseous mixture exiting from the receiver of the first step) and keeping the reactor walls
adiabatic. This result is significant as keeping the reactor wall adiabatic reduces the
energy requirement of this step. Six different mixing configurations of the reactor were
also assessed to find out the most feasible reactor configuration. Cases 1, 2, 3 and 6
produced very similar yield of hydrogen as all of them involved injection of argon, which
dominated the flow, through the tangential inlet. Case 4 produced comparatively the
lowest yield of hydrogen (around 50 %), while case 5 produced 60 % hydrogen yield.
Among all cases, case 1 produced the highest hydrogen yield of around 70%. Therefore,
case 1 configuration along with the optimal parametric values mentioned earlier was
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selected for the optimum reactor design. The optimum reactor configuration produced
hydrogen yield of around 88%.

5.2 Recommendations fo r th e fu tu re w ork

From the numerical investigation perspective of the zinc oxide reduction step, the
recombination process of zinc and oxygen gas should also be incorporated in the
numerical modeling as it has been reported in the literature that the process of
recombination can considerably reduce the fractional conversion of zinc oxide.
Furthermore, different quenching configurations should also be assessed to minimize
the extent of recombination process.

For the hydrolysis step, the process of zinc nanoparticle formation should be
incorporated in the hydrolysis numerical model to have more realistic simulation of this
hydrogen production step.

Finally, focus should be given to couple both numerical models along with the solar raytrace modeling to simulate the entire system and evaluate and improve its
performance. This will also enable to evaluate the hydrogen yield at different time/day
of the year as well as at different geographical locations.
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